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Overview
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Thanks to Tim, Meenakshi, Florencia, 
and Alex for the nice talks so far.

I will review the picture of the top at 
the LHC in the first year (assuming 
~100 pb-1) and some results at 1 fb-1 
‣ some details on cross-section 

measurement and properties

I will also have a few topics aimed at 
the interaction of theorists and 
experimentalists

I’ll take a lot of results from recent 
ATLAS studies in “CSC book” (full 
simulation, 14 TeV, released 12/08)
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Resources
CMS Physics TDR:
‣ http://cmsdoc.cern.ch/cms/cpt/tdr/

ATLAS CSC Book 
‣ “Expected Performance of the ATLAS Experiment, Detector, 

Trigger and Physics.”
● CERN-OPEN-2008-020 also on arxiv

Top Workshop at CERN
‣ http://indico.cern.ch/conferenceDisplay.py?confId=62096

International Workshop on Top Quark Physics, La Biodola, Isola 
d'Elba, Italy, May 2008

‣ http://www.slac.stanford.edu/spires/find/hep?cnum=C08-05-18
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Quick Reminders: 

5

Figure 1: Scale variation of NNLO calculation vs NLO calculation at
√

s = 1.96 (left) and
√

s = 14
TeV (right) [10].
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Figure 2: The approx. NNLO theoretical prediction and the measured cross-section at Tevatron
(left) [9] and NLO prediction of cross-section as a function of

√
s as predicted by [11].

leading contribution at the Tevatron. The difference from CTEQ and MRST predictions at the
Tevatron energy is within the uncertainty estimated by the error PDF set.

For the first LHC data, the beam energy is likely to be 5+5 TeV instead of 7+7. This reduces
the cross-section by 55%, giving

σapproxNNLO
tt̄

= 419−1.2%
−4.3% (scales) +4.5%

−4.5% (PDFs) pb. (6)

Using the SM branching ratio of 0.108 for the leptonic decay of W , electron + jets and
muon + jets decay branching ratio is 29.2% combined. The branching ratio for di-electron,
di-muon and electron+muon dilepton decay modes combined is 4.6%. At 100 pb−1 of integrated
luminosity, we will expect roughly 12 k single lepton events and 2 k dilepton events in electron
and muon channels. The bright side of lower start-up beam energy is that we will be able to
measure top cross-section with yet another beam energy in addition to Run I and Run II at
the Tevatron as shown in Fig. 2(left) . As seen in Fig. 2(right), the top cross-section is a
strong function of

√
s. The additional measurement will lead to new insight into the production

mechanism of tt̄.
While the theoretical calculation for inclusive cross-section is available in a number of flavors,

the availability of Monte Carlo event generator is somewhat limited. The current implementa-
tions of MC programs are MC@NLO (and others) at NLO precision, Pythia (and others) at LO
plus LL and Alpgen (and others) at LO plus LL at higher multiplicity. While the shape of the
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Figure 1: Top production processes: gluon-gluon scattering diagrams (a)and b)) and quark-
quark scattering diagram c).

Thus, the quarks from W-boson decay can be considered as a clean source of light quarks.
From an experimental point of view, one can characterise the top quark decay by the number of Ws

that decay leptonically. The following signatures can be identified:

• Fully leptonic: represents about 1/9 of the tt̄. Both W-bosons decay into a lepton-neutrino pair, re-
sulting in an event with two charged leptons, two neutrinos and two b-jets. This mode is identified
by requiring two high pT leptons and the presence of missing ET , and allows a clean sample of
top events to be obtained. However, this sample has limited use in probing the top reconstruction
capability of the ATLAS experiment, due to the two neutrinos escaping detection.

• Fully hadronic: represents about 4/9 of all the tt̄ decays. Both Ws decay hadronically, which gives
6 jets in the event: two b-jets from the top decay and four light jets from the W boson decay. In this
case, we do not have a high pT lepton to trigger, and the signal is not easily distinguishable from
the abundant SM QCD multi-jets production, which is expected to be order of magnitudes bigger
than the signal. Another challenging point of this signature is the presence of a high combinatorial
background when reconstructing the top mass.

• Semi-leptonic: Again, about 4/9 of the whole decays. The presence of a single high pT lepton
allows to suppress the SM W+jets and QCD background. The pT of the neutrino can be recon-
structed as it is the only source of missing ET for signal events. This is the most useful channel at
ATLAS.

3 Single Top Production

In the Standard Model single-top production is due to three different mechanisms: (a) W-boson and
gluon fusion mode, which includes the t-channel contribution and is referred to as t-channel or Wg as a
whole (b) associated production of a top quark and a W-boson, denoted Wt and (c) s-channel production
coming from the exchange of a charged boson W∗. The corresponding diagrams are shown in Fig. 2.
We note however that these definitions are valid only at leading order (LO): next to leading order (NLO)
calculations may introduce diagrams which cannot be categorised so unambiguously. The total NLO
cross-section amounts to about 320 pb at the LHC. Among those channels, the dominant contribution
comes from the t-channel processes, which account for about 250 pb; the Wt contribution amounts to
about 60 pb while the s-channel W ∗ mode is expected with a cross-section of about 10 pb [2] [3].

In the following notes, when discussing the analysis strategy in the s- and t-channels, we will use

4
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Figure 1: Top production processes: gluon-gluon scattering diagrams (a)and b)) and quark-
quark scattering diagram c).
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85% qQ initial state (Tevatron) vs 90% gluon-gluon initial state (LHC)

PDF uncertainties at the LHC 

gg!

gq!

qQ!
Note that for much of the !

SM/discovery range, the pdf!

luminosity uncertainty is small!

Need similar level of precision in!

theory calculations!

It will be a while, i.e. not in the!

first  fb-1, before the LHC!

data starts to constrain pdf’s!

NB I: the errors are determined 

using the Hessian method for 
a !"2 of 100 using only 

experimental uncertainties,i.e.  
no theory uncertainties 

NB II: the pdf uncertainties for  
W/Z cross sections are not the 

smallest 

W/Z 

NBIII: tT uncertainty is of 

the same order as W/Z 
production 

tT 

Ratios:LHC to Tevatron pdf luminosities 

!! Processes that depend on qQ initial 
states (e.g. chargino pair production) 
have small enchancements 

!! Most backgrounds have gg or gq 
initial states and thus large 
enhancement factors (500 for W + 4 
jets for example, which is primarily gq) 
at the LHC 

!! W+4 jets is a background to tT 
production both at the Tevatron and 
at the LHC 

!! tT production at the Tevatron is 
largely through a qQ initial states and 
so qQ->tT has an enhancement factor 
at the LHC of ~10 

!! Luckily tT has a gg initial state as well 
as qQ so total enhancement at the 
LHC is a factor of 100 

!! but increased W + jets 
background means that a higher 
jet cut is necessary at the LHC 

!! known known: jet cuts have to be 
higher at LHC than at Tevatron 

qQ gq 

gg 

Fortunately, gluon PDF at low x is relatively well known.
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Overview on theory uncertainties
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Theory uncertainties for tT at LHC 

!! Note that at NLO with CTEQ6.6 pdf’s 
the central prediction for the tT cross 
section for µ=mt is ~850 pb for 171 
GeV (not 800 pb, which it would  be if 
the top mass were 175 GeV); ~880 pb 
if use effect of threshold resummation 

!! The scale dependence is around 
+/-11% and mass dependence is 
around +/-6% 

!! Tevatron plans to measure top mass 
to 1 GeV 

!! mass dependence goes to ~+/- 
3% 

!! NNLO tT cross section will be finished 
in (hopefully) near future 

!! scale dependence will drop  

!! threshold resummation reduces 
scale dependence to perhaps 3% 
(Moch and Uwer) 

!! tT still in worse shape than W/Z, but 
not by too much 

!! and pdf uncertainty is (a bit) 
smaller 

J. Huston
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Triggers
The first thing we must do is trigger on the events
‣ primarily rely on electron or muon triggers

● some care in defining absolute efficiency or w.r.t. offline selection
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Figure 1: (a): pT spectrum of electrons from the decay W→eν in leptonic tt̄ events. The number
of electrons is scaled to an integrated luminosity of 1 pb−1, and is shown as a function of the
true simulated electron pT. (b): Turn-on curves for the e22i trigger determined with leptonic tt̄
events. The efficiencies are shown with respect to an offline selection (excluding the cut on pT) as
a function of the offline reconstructed pT of the electron that fired the trigger.

Table 1: Efficiency of the e22i and e12i trigger for leptonic tt̄ events with a W→eν decay. The binomial
errors ∆ on the efficiencies for the different trigger levels are quoted for an integrated luminosity of
100 pb−1, and are calculated as ∆2 = ε(1− ε)/N, where ε is the efficiency. Note that no matching
constraint is imposed between the trigger and the reconstructed or true simulated electrons. Moreover,
the efficiencies are determined for |η |< 2.5 by cutting on the η of the trigger as well as the reconstructed
or simulated electrons.

Compared to Monte Carlo Compared to offline selectionTrigger
Eff. [%] Eff. [%]

e22i:
L1 EM18I 74.7 ± 0.5 96.0 ± 0.6
L2 e22i 59.6 ± 0.6 92.7 ± 0.9
EF e22i 52.9 ± 0.6 89.8 ± 1.0
e12i:
L1 EM7I 83.6 ± 0.4 98.6 ± 0.3
L2 e12i 66.7 ± 0.5 92.6 ± 0.8
EF e12i 63.5 ± 0.5 91.8 ± 0.8

Table 1 shows the fraction of events passing each trigger level in the e22i chain per 100 pb−1. The
e22i trigger chain consists of the L1 trigger L1 EM18I, and the e22i trigger at L2 and EF. The efficiency
has been calculated for each trigger level with respect to the total number of leptonic tt̄ events with a
W→eν decay and with respect to the number of events reconstructed and selected in the commissioning
analysis [5], requiring |η | < 2.5 for the trigger and reconstructed or simulated electrons. The cuts are:

• At least one reconstructed isolated electron with pT > 20 GeV;

• Emiss
T > 20 GeV;

• At least 3 reconstructed jets with pT > 40 GeV and at least 4 reconstructed jets with pT > 20 GeV.

Also shown in Table 1 are the percentage of events passing each trigger level in the e12i chain.
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Compared to e22i, a larger fraction of events passes this looser chain at each level, as expected. Note
that the large value of the trigger efficiency with respect to the selection, exceeding 90%, is partly due to
jets fulfilling the electron trigger. Eventually this effect has to be accounted for when determining trigger
efficiency corrections to be used in an analysis.

Figure 1 (b) shows the turn-on curves for each trigger level in the e22i chain, determined from
simulated leptonic tt̄ events. The turn-on behaviour of the trigger is sharp at all levels. From the L1 to the
HLT the pT dependence is very similar, the curves reveal a flat plateau once beyond the turn-on region.
Note that the slight decrease in efficiencies at large pT values are due to the isolation requirements of the
e22i trigger. This small loss can be recovered using a high-threshold non-isolated trigger, although it has
not been considered in this study.

In summary, the single electron trigger efficiency in tt̄ events is high for tt̄ events with a W→eν
decay in the current physics trigger menus. The electron trigger chain will be, together with the muon
chain discussed in the next section, the main trigger for selecting tt̄ events in the golden leptonic decay
channel. Simple and efficient high-pT isolated single electron triggers exist to select tt̄ events, avoiding
considerable complications in the determination of trigger efficiencies for complex combined trigger
signatures.

2.2 Muon triggers in tt̄ events

2.2.1 Introduction
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Figure 2: (a): pT spectrum of muons from W→ µν decays in leptonic tt̄ events. The muon pT is
the true simulated value. The distribution is scaled to correspond to an integrated luminosity of
1 pb−1. (b): Trigger efficiencies for the mu20 with respect to an offline selection (excluding the
cut on pT), given as a function of reconstructed muon pT.

The pT spectrum of truth muons from the W→ µν decay in tt̄ events is shown in Fig. 2 (a). As for
electrons, rather high-pT single muon triggers can be used to select tt̄ events with at least one W-boson
decaying to a µ and νµ without much loss of efficiency.

2.2.2 Single muon triggers in ATLAS

The L1 muon trigger consists of fast electronics establishing coincidences between hits of different detec-
tor layers of the muon system inside programmed geometrical windows. The size of the window defines
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Multi-Jet triggers have been 
studied for all hadronic channel

Table 4: Set of optimum multi-jet trigger combinations for fully-hadronic tt̄ events. The QCD
multi-jet background rates are given relative to the background rate of the 4j50 trigger (cf. Table 3).
Efficiencies and rates at the EF are calculated with respect to the total number of events. Note that
the names of the triggers are inclusive, “4j60 2j100 j170” means 4 jets have to pass the 60 GeV
trigger, 2 jets the 100 GeV, and another 1 jet has to pass the 170 GeV trigger.

Trigger Signal Efficiency [%] Relative Background Rate S/B
4j60 2j100 j170 6 0.13 2.8 · 10−3

5j45 2j60 j100 16 0.34 3.0 · 10−3

6j35 5j45 4j50 3j60 10 0.18 3.7 · 10−3

Therefore, trigger combinations requiring at least 4, 5 or 6 jets for a given set of jet thresholds, were
tested.

Table 4 summarizes signal efficiencies and increased background suppression for a set of trigger
combinations. As figure of merit, the ratio of the trigger efficiency for the signal and QCD events is
used. A strong suppression of QCD is observed when tightening the cuts on the jet energies, as expected.
The signal-to-background ratio of the 4J50 trigger (cf. Table 3) is improved by a factor of two in the
5J45 2J60 J100 trigger (cf. Table 4) for roughly the same signal efficiency. Overall, the three trigger
combinations given in Table 4 are optimal in terms of the figure of merit, and the 5 jet trigger combination
leads to the best signal efficiency with the lowest background rate for fully-hadronic tt̄ events. It is worth
pointing out, that the reliable determination of trigger efficiencies from data is another challenging aspect
of multi-jet triggers.

Large uncertainties are inherent in predictions for LHC energies, hence the QCD background trigger
rates given here and the jet trigger definitions are preliminary and subject to tuning as soon as data
taking starts. This is especially true for the effect of pile-up, which also impacts the signal trigger
efficiencies. It is shown nevertheless that it should be possible to trigger on fully-hadronic tt̄ decays
with reasonable efficiency by optimising the choice of thresholds and multiplicity. Further HLT studies
are underway to fully exploit also advanced methods for background suppression, such as multi-variate
analysis techniques.

2.4 Missing ET triggers in tt̄ events

The L1 Emiss
T trigger performance in tt̄ events is presented in this section. The HLT performance is not

discussed due to ongoing development effort at the time of this writing.
The L1 energy triggers calculate missing transverse energy (Emiss

T , trigger item name: XE) based on
reduced granularity calorimeter data (the trigger towers) without taking muons into account, across an η
range of |η | < 5.0 [4].

Figure 5 shows the Emiss
T spectra at L1 for tt̄ signal and background events normalized to an integrated

luminosity of 1 pb−1. Shown is the QCD background for which Emiss
T is mainly faked by jet response

fluctuations and losses in non-instrumented regions of the calorimeters. In the W-boson+jets background,
a neutrino from the W-boson decay is present and produces real Emiss

T . Single top quark events are also
shown, with a combined rate of about one third of tt̄. As can be seen from the figure, high QCD rates
will not permit inclusive Emiss

T triggers with low thresholds, hence L1 trigger efficiencies for tt̄ events
will be small at larger luminosities. While for example L1 XE30 has an efficiency of 81% for leptonic
events (applying no selection cuts in the efficiency calculation), the efficiency decreases to 19% for
L1 XE100. For comparison, the lowest un-prescaled Emiss

T threshold for the early running at a luminosity
of 1031 cm−2 s−1 is expected to be L1 XE70 [4].
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Jet & b-tagging performance
Jet reconstruction and b-tagging performance are clearly crucial 
experimental issues for top at the LHC
‣ jet reconstruction and calibration in ATLAS is still developing rapidly 

(more later)
‣ several b-tagging algorithms have been developed

How long it will take for these algorithms to converge and their 
performance to be measured is difficult to say

9
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Figure 1: b-tagging efficiency as a function of light (i.e. u, d and s flavoured) jet rejection in tt̄ events,

for isolated (!R(jet, jet) > 0.8) jets with pT greater than 15 GeV.

3.4 Event selection

3.4.1 Trigger

The following Event Filter trigger [16] selections have been applied:

• At least one isolated electron with pT greater than 25 GeV (“e22i”). This trigger is satisfied by

53% of tt̄ e+ jets events, and 71% of e+ jets with pT (e) greater than 25 GeV pass.

• At least one isolated muon with pT greater than 20 GeV (“mu20”). This trigger is satisfied by

59 % of tt̄ µ+ jets events, and 74% of µ+ jets with pT (µ) greater than 20 GeV pass.

3.4.2 Standard cuts

A sequence of consecutive cuts is applied in order to reduce the contribution from physics background.

• Exactly one isolated lepton, with pT > 20 (25) GeV for muons (electrons) and |" | < 2.5. This
cut corresponds to the trigger selection. Moreover, the isolation criteria reject a large fraction

of the leptonic b-decays in the all-jets channel: 99.6% of the tt̄ events with both W bosons

decaying hadronically are rejected by this first selection step.

• Missing transverse energy cut: /ET > 20 GeV. Together with the lepton requirement, this cut

reduces QCD background.

• At least four jets with pT > 40 GeV. Below 40 GeV, jets are known to be less precisely cal-

ibrated; the jet energy scale will be discussed later on, as a source of systematic uncertainty.

Therefore, they are removed in order to improve the precision of the top quark mass measure-

ment [3]. Only 34% of hadronically-decayingW bosons have both jets passing this requirement.

If it is relaxed so that one jet can have pT down to 20 GeV, 88% of theseW bosons pass, but

5
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‣ we need to know underlying event first
‣ we need to know the bunch structure & pile up first
‣ we need to align and calibrate with data

At some point top will be a major tool for 
us to calibrate our jets and even measure 
b-tagging efficiencies
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Early Single-lepton top reconstruction
1) Top candidate defined as 3-jet 
combination with highest pT sum

10

Table 1: Fraction of events passing the various selection criteria and the combined ‘default’ selection
efficiency for semi-leptonic (electron and muon) analyses respectively. The statistical uncertainties on
these numbers are negligible.

Trigger Lepton Emiss
T Jet req. (I) Jet req. (II) Combined

eff (%) eff (%) eff (%) eff (%) eff (%) eff (%)
tt̄ (electron) 52.9 52.0 91.0 70.7 61.9 18.2
tt̄ (muon) 59.9 68.7 91.6 65.5 57.3 23.6
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Figure 1: (a): Three-jet invariant mass distribution for the electron analysis default selection, normalised
to 100 pb−1. The statistical errors in each bin are indicated. (b): The same distribution after the additional
W -boson mass constraint..

combination among the reconstructed jets. We define our top-quark decay candidate as the three-jet
combination of all jets that has the highest transverse momentum sum.

Fig. 1 (a) shows the reconstructed top mass for this selection (from now on referred as default selec-
tion) for the tt̄ sample. The top mass peak is clearly visible, and the tails of the distributions correspond
to the combinatorial background.

2.1.2 Selection variations: I

Apart from the default event selection as described above, a number of additional criteria are defined to
further increase the purity of the top sample. Here we improve on the simple tt̄ analysis by exploiting
additional information: every three-jet combination that originates from a top decay also contains a two-
jet combination that originates from a W -boson decay. To illustrate the presence of the W -boson we take
the three jets that constitute the top quark, and select from the three combinations of di-jets the one that
results in the highest value of the sum of the pT of the two jets. The W -boson mass is then the invariant
mass of the two jet system. In Fig. 2 (a) this mass distribution is shown for the electron analysis, and the
W -boson mass peak around 80 GeV is clearly visible.

However we prefer an unbiased W -boson mass distribution in the analysis, for which we choose not
to pick/define one particular W -boson di-jet pair out of the three combinations, but rather require that at
least one of the three di-jet invariant masses is within 10 GeV of the reconstructed mass of the W -boson
(taken as the peak value of the mass distribution of the W -boson candidates). This selection will be
referred to as the W -boson mass constraint selection. The distribution of all three di-jet combinations in

3
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Figure 2: (a): The di-jet combination with highest pT (left) for the electron analysis. (b): The three di-jet
combinations invariant masses among the top-quark candidates in a 100 pb−1 event sample for the muon
analysis.

the top candidate is shown in Fig. 2 (b). Note that each event enters three times in this distribution. In
this figure the background, as discussed in the next section, is already included.

The distribution of the three-jet invariant mass after the additional requirement that at least two jets
are compatible with the mass of the W -boson is shown in Fig. 1 (b). This requirement shows a substantial
reduction in the tt̄ combinatorial background compared to Fig. 1 (a). Notice that, compared to the default
selection, the top mass peak becomes narrower and the tail of the distribution is reduced. However, the
W -boson mass constraint also introduces a visible shoulder in the distribution which makes fitting to the
data more subtle.

In Table 2 we show the fraction of tt̄ events that pass these various selection requirements.

Table 2: Efficiencies at different stages of the electron and muon analyses for several event types: after
trigger and event selection (left column), after a cut on the di-jet masses (see text for details) in the top
candidate (middle column) and events with, in addition to the di-jet mass cut, a hadronic top mass 141 <
mt < 189 GeV (right column). The first three rows correspond to the single-lepton final states, the fourth
row to the di-lepton final state and the last row to the hadronic final state.

Electron analysis Muon analysis
Event type Trigger+Selection (%) Trigger+Selection (%)

W const. mt win + W const. mt win
tt̄ (elec) 18.2 9.2 4.5 0.1 0.0 0.0
tt̄ (muon) 0.0 0.0 0.0 23.6 12.0 5.8
tt̄ (tau) 1.4 0.7 0.3 2.0 1.0 0.5
tt̄ (di-lepton) 2.2 1.0 0.2 3.0 1.3 0.4
tt̄ (hadron) 0.0 0.0 0.0 0.1 0.1 0.0

2.1.3 Background evaluation

We consider a number of background processes. The dominant expected background is W -boson+jets,
but also single top production, Z-boson+jets and Wbb̄ are sizeable. Tables 3 and 4 summarise the ex-

4
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2) Di-jet mass for pair with highest 
sum pT shows W peak, but may bias

4) combinatorics reduced, top peak 
is better defined

3) consider all three pairs of jets 
inside the top, look for W peak

NB: bkg included

NB: signal only

default W-selection
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Single-Lepton Channels

by the fact that efficient b-tagging is non trivial and implies to have reached a precise level of alignment
of the inner detector, a situation which will probably require several months of data taking. This analysis
solely relies on the measurement of jets, leptons and /ET , and requires a functioning lepton triggering
system. With the selected sample of events, the over-constrained kinematics of the tt̄ system will allow
us subsequently to measure the performance of b-tagging, the determination of the /ET and the calibration
of the light jet energy scale.

2.1 Event selection

The identification of semileptonic tt̄ events starts by requiring a lepton trigger to have fired. In this study
we assume that either the single isolated electron trigger e25i or the muon trigger mu20 has fired. A
correct description of the trigger efficiencies is vital for the cross-section determination. The strategy for
determining the trigger efficiencies from the Monte Carlo, as well as from the data without relying on
Monte Carlo, is not pursued in this note, but included in [7].

Further, we define a candidate tt̄ event as an event with one reconstructed high-pT isolated lepton
(electron or muon), a minimal amount of missing energy and at least four identified jets. The definition
of electrons, muons and jets in our analysis has been discussed before.

For our default off-line selection the events are required to fulfil the following:

• One lepton (electron or muon) with pT > 20 GeV.

• /ET > 20 GeV.

• At least four jets with pT > 20 GeV.

• Of which at least three jets with pT > 40 GeV.

The fraction of events passing the individual selection requirements and the overall selection effi-
ciency are shown in Table 1 for semi-leptonic events. In this table we split the efficiencies for semilep-
tonic tt̄ events according to the W decay in the Monte Carlo generator: tt̄ (electron) where it decayed to
an electron and a neutrino and tt̄ (muon) where it decayed to a muon and a neutrino.

We observe a combined efficiency for these requirements which is somewhat larger for the tt̄ (muon)
events compared to the tt̄ (electron) events.

Trigger Lepton /ET Jet req. (I) Jet req. (II) Combined
eff (%) eff (%) eff (%) eff (%) eff (%) eff (%)

tt̄ (electron) 52.9 52.0 91.0 70.7 61.9 18.2
tt̄ (muon) 59.9 68.7 91.6 65.5 57.3 23.6

Table 1: Fraction of events passing the various selection criteria and the combined ‘default’ selection
efficiency for semi-leptonic (electron and muon) analyses respectively. The statistical uncertainties on
these numbers are negligible.

2.1.1 Reconstructing tt̄ events

Before discussing additional requirements to improve the purity of the tt̄ event selection, we present
the second step in the event reconstruction. In this step we test the events for compatibility with a tt̄
hypothesis. In the tt̄ candidates, three of the reconstructed jets are expected to form the hadronic top-
quark. In the absence of b-tagging there is an additional ambiguity in choosing the correct three-jet

3

candidate with the default selection and with the backgrounds added together, is shown in the left plot
of Figure 3. The events where the correct top-quark pair was chosen are clearly visible as the mass peak
(open histogram) on top of a smooth background distribution. This background is composed of events
from non-top processes (light shaded histogram), but is dominated by the (combinatorial) background
from semi-leptonic tt̄ events (dark shaded histogram). The combinatorial background was determined
using the matching of the top candidate with the generated top-quark in a cone of size ∆R < 0.2.

On the right side of Figure 3 we present the reconstructed three-jet mass after the W mass constraint.
The backgrounds are also shown.

Table 3 and 4 show the number of signal and background events in a 100 pb−1 data sample. To give
an indication of the signal purity in the top mass peak region, in the third column of Tables 3 and 4 we
give the number of events in an hadronic top mass region: 141 < mt < 189 GeV. Although not all signal
events are correctly reconstructed, in both the electron and muon analyses the purity of the signal in the
top mass window is close to 80%.
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Figure 3: Left plot: Expected distribution of the three-jet invariant mass after the standard selection.
Right plot: The same after the W -boson mass constraint in a 100 pb−1event sample. Both plots are for
the muon analysis.

2.1.4 Selection variations: II

We explored additional ways to kinematically select top events other than the W mass constraint, or to
improve the signal purity after having applied the W mass cut itself. In the commissioning phase, it can
happen that the barrel calorimetry will be better calibrated than the forward one. Therefore, it can be
useful to apply the additional request that the three highest pT jets are all at |η | < 1. The reconstructed
top mass in this case is shown in Figure 4.

The centrality requirement applied after the default selection allows to reach the same signal-over-
background that one obtains after applying the W constraint. Tables 3 and 4 show the signal-over-
background and signal efficiencies for the electron and muon analyses if the centrality requirement is
applied or not in addition to the W constraint (fifth column).

We exploited other variables as well, like the cosθ ∗, which is the angle that one jet forms with the
direction of the incoming proton in the centre of mass of the event (it is expected that the top decay
products are emitted more centrally than the W+jets and jets from QCD) and the total invariant mass of
the event. In the following no cuts on these variables are used in the analysis.
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Electron analysis
Sample default W const. mt win W const. W const. W const.

+ |η | < 1 + 1 b-tag + 2 b-tag
tt̄ 2555 1262 561 303 329 208
hadronic tt̄ 11 4 0.0 0.8 0.6 0.0
W+jets 761 241 60 38 7 1
single top 183 67 23 12 18 7
Z→ ll +jets 115 35 8 5 2 0.4
W bb̄ 44 15 3 5 5 0.7
W cc̄ 19 6 1 1 0.4 0.0
WW 7 4 0.4 0.0 0.0 0.0
WZ 4 1 0.4 0.2 0.0 0.0
ZZ 0.5 0.2 0.1 0.0 0.0 0.0
Signal 2555 1262 561 303 329 208
Background 1144 374 96 63 33 10
S/B 2.2 3.4 5.8 4.8 9.8 21.6

Table 3: Number of events which pass the various electron analysis requirements for the tt̄ signal and
for the most relevant backgrounds normalised to 100 pb−1.

momenta around 40 GeV, while the fake rate is only a few times 10−5. By studying their origin and
dependence on jet/parton kinematics like the pT , η , jet multiplicity and quark content of the jet, we
can get an estimate of the fraction of multi-jet events that will pass the lepton requirement in the event
selection. The validity of this approach has been checked using a large sample of di-jet events at various
transverse momenta. As a result, the QCD background has been evaluated to be smaller than the W+jets
background and will not be discussed further.

Muon analysis
Sample default W const. mt win W const. W const. W const.

+ |η | < 1 + 1 b-tag + 2 b-tag
tt̄ 3274 1606 755 386 403 280
hadronic tt̄ 35 17 7 6 5 2
W+jets 1052 319 98 47 11 0.0
single top 227 99 25 19 19 10
Z→ ll +jets 84 23 3 2 0.5 0.0
W bb̄ 64 19 4 4 5 2
W cc̄ 26 9 3 0.7 0.1 0.0
W W 7 3 0.7 0.7 0.0 0.0
W Z 7 3 0.8 0.5 0.0 0.0
Z Z 0.7 0.3 0.1 0.0 0.0 0.0
Signal 3274 1606 755 386 403 280
Background 1497 495 143 84 42 14
S/B 2.2 3.2 5.3 4.6 9.6 20.1

Table 4: Number of events which survive the various muon analysis requirements for the tt̄ signal and
for the most relevant backgrounds normalised to 100 pb−1.

The distribution of the invariant mass of the three-jet combination that forms the hadronic top-quark

6
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In the single-lepton channel, a simple “cut and count” analysis can 
be used to measure the cross-section with as little as 100 pb-1
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Measurement without b-taggingjet combinations) increases. The probability that the algorithm picks the right combination generally
decreases with the number of combinations to choose from.

The effect of ISR and FSR parameter variations (chosen in such a way to maximise the effect on the
cross-section measurement) has been evaluated. Changes of the ISR cutoff, the ISR and FSR ΛQCD and
the FSR cutoff give contributions at the level of 1% each. The parameter which influences most the final
selection efficiency is the FSR ΛQCD, for which by doubling and dividing by two the default value, a
variation of 1.2 % in the selection efficiency is obtained. The combined effect of all the variations gives
an uncertainty of 1.5%. For the uncertainties related to the PDFs, both the uncertainty coming from
CTEQ and MRST, have been considered and the largest one (coming from CTEQ) has been used for the
final systematics evaluation.

The main systematics uncertainties for the likelihood analysis are listed in Table 5. For this method

Likelihood fit Counting method (elec)
Source Electron Muon Default W const.
Statistical 10.5 8.0 2.7 3.5
Lepton ID efficiency 1.0 1.0 1.0 1.0
Lepton trigger efficiency 1.0 1.0 1.0 1.0
50% more W+jets 1.0 0.6 14.7 9.5
20% more W+jets 0.3 0.3 5.9 3.8
Jet Energy Scale (5%) 2.3 0.9 13.3 9.7
PDFs 2.5 2.2 2.3 2.5
ISR/FSR 8.9 8.9 10.6 8.9
Shape of fit function 14.0 10.4 - -

Table 5: Systematic uncertainties on the commissioning likelihood and counting method cross-section
measurement, in percent.

a 5% change in jet energy scale causes a 2.3% (0.9%) change in the combined reconstruction efficiency
for the electron (muon) channel. The different jet multiplicity distributions affect not only the event
selection efficiencies (jet requirements), but also the overall efficiency of the hadronic top reconstruction
algorithm. A comparison between the two generators MC@NLO and ALPGEN has been made to study
these effects. ALPGEN predicts 7% and 4% larger selection efficiencies in the electron and muon channels
respectively. For the overall efficiencies the values are 10.5% and 4.7% larger in the electron and muon
channel. However, we did not add these numbers in the final result since there is overlap with the
ISR/FSR systematics. Systematics effects on the shape of the fit as well as the normalisation of the peak
fit w.r.t. background is estimated with toy Monte Carlo’s. We found deviations of 14.0 (10.4)% for the
electron (muon) channel, while the effect of changing the fit-ranges is negligible.
The main systematic uncertainties for the counting analysis are also listed in Table 5. For the counting
exercise we also have taken into account the uncertainty arising from the Monte Carlo used to generate
the signal process. This has been done by comparing the cross-section obtained applying the same
analysis to tt̄ events generated with MC@NLO and with the ACERMC Monte Carlo. We evaluated the
W+jets normalization uncertainty using the Z+jets sample as discussed in the general introduction of
systematic uncertainties, but also varying the level of the expected W+jets level by 20%, 50% and even
by a factor of two. For the final selection (including the W mass constraint) this corresponds to an
uncertainty of 3.8%, 9.5% and 19.1% respectively. We will use as reference value to calculate the overall
systematic error, the 50% case.
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2.2.1 Likelihood fit method

To extract the number of completely reconstructed tt̄ events (after having applied the default + W -boson
mass constraint selection) a maximum likelihood fit is performed to the three-jet mass distribution with a
Gaussian signal on top of the background described by a Chebychev polynomial, see Fig. 5. It has been
verified that the background model correctly describes the combined tt̄ combinatorial and background
distribution in the signal region by comparing the fitted background to the subset of events that are not
fully reconstructed signal as determined from truth matching information.
Using 10000 pseudo-experiments, based on the input from the full simulation Monte Carlo events, one
can extract the average fraction of signal events that pass all selection requirements and enter in the
peak (i.e., the fraction correctly reconstructed). The average number of events in the peak in the muon
analysis, i.e. correctly reconstructed semi-leptonic tt̄ (muon) events, in 100 pb−1 is 508 events as shown
in Fig. 5 (a). This corresponds to an efficiency of (4.23± 0.57)%. For the electron analysis this efficiency
is (2.73 ± 0.47)%.

The signal significance is defined using the likelihood ratio from two hypotheses: the presence of a
signal (a peak) and its absence (only the Chebychev polynomial). The amount of data needed to make
a statistically significant observation of the tt̄ signal depends on the amount of background. For low
luminosities, for example for 25 pb−1, the sampling fluctuations are too large and there is no typical
plot like the one of Fig. 3. To quantify the relation between signal significance, luminosity and the
amount of background, 10000 pseudo-experiments based on the full simulation distribution of the three-
jet mass as a function of the integrated luminosity, have been modelled and fitted. The expected statistical
significance is shown in Fig. 5 (b), where the yellow band is obtained by assuming the nominal level of
QCD W -boson+jets background, while the red one refers to the case when this background is multiplied
by two. .
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Figure 5: (a): Fit to the top signal. The Chebychev polynomial fit to the background is indicated by the
dotted line and the Gaussian fit of the signal events is indicated by the full line. (b): Distribution of the
expected statistical significance of the top signal in the peak as a function of the integrated luminosity
for two background scenarios. The yellow band is obtained by assuming the nominal level of QCD
W -boson+jets background, while the red one by assuming that this background is doubled.

To go from a fitted number of properly reconstructed hadronic top quarks to a cross-section, one
needs to correct for the event selection efficiency and the hadronic top reconstruction efficiency. The
statistical error is estimated from having simulated 100000 pseudo-experiments, applying the fluctuations
which are expected in 100 pb−1to both signal and background and fitting the peak in both the electron
and muon channels.

One of the biggest uncertainties is the correct modelling of the jet multiplicity distribution as it affects

8
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Two methods considered for early cross-section measurement 
‣ fit Mjjj spectrum: sensitive to modeling 
‣ simple counting: sensitive to background prediction

● results shown for  100 pb-1
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Figure 8: Left plot: Reconstructed three-jet mass for tt̄ , single top and W + jet events for the default
electron selection, requiring one or two jets tagged as coming from a b-quark. Right plot: Same distri-
bution for the default selection + the W -boson mass constraint and requiring one or two jets tagged as
coming from a b-quark.

the default selection with the W -boson mass constraint, using electron and muons):

Likelihood method: ∆σ/σ = (7(stat)±15(syst)±3(pdf)±5(lumi))% (1)
Counting method: ∆σ/σ = (3(stat)±16(syst)±3(pdf)±5(lumi))% (2)

2.5 Differential cross-sections

We studied several differential distributions for tt̄ production. First, we present the top momentum and
rapidity distribution. The results are shown in Figure 9.
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Figure 9: Left plot: Momentum distribution of the reconstructed three-jets mass for tt̄ , single top and
W+jet events for the electron analysis. Right plot: Distribution in η .

A more detailed study has been performed for the differential cross-section as a function of the tt̄
system, and for several double differential distributions as shown in the following sections.

The differential cross-section for tt̄ production can be measured as a function of the invariant mass
of the tt̄ system in the semi-leptonic channel (with no tau leptons in the final state). Such a measurement
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Single lepton, with b-tagging
Finally, we can add b-tagging.  Assuming the expected 
performance at 50-60% tagging efficiency, purity is 
increased by a factor of ~4.
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Figure 7: Number of jets tagged as coming from a b-quark in tt̄, single top and W -boson+jet events after
the default electron selection.

non-b-jets don’t combine to give a W -boson candidate, that event is rejected.

 [GeV]topM
0 50 100 150 200 250 300 350 400 450 500

Ev
en

ts
 / 

10
G

eV

0

20

40

60

80

100

120

140

160

 [GeV]topM
0 50 100 150 200 250 300 350 400 450 500

Ev
en

ts
 / 

10
G

eV

0

20

40

60

80

100

120

140

160
ttbar
other
single t
W+jets

(a)

ATLAS

 [GeV]topM
0 50 100 150 200 250 300 350 400 450 500

Ev
en

ts
 / 

10
G

eV

0
10
20
30
40
50
60
70
80
90

 [GeV]topM
0 50 100 150 200 250 300 350 400 450 500

Ev
en

ts
 / 

10
G

eV

0
10
20
30
40
50
60
70
80
90

ttbar
other
single t
W+jets

ATLAS

(b)

Figure 8: (a): Reconstructed three-jet mass for tt̄ , single top and W -boson + jet events for the default
electron selection, requiring one or two jets tagged as coming from a b-quark. (b): Same distribution for
the default selection + the W -boson mass constraint and requiring one or two jets tagged as coming from
a b-quark.

The statistical error on the cross-section which is obtained by requiring one or two b-tagged jets is
4.5%. The systematic error due to the jet energy scale is in this case of 4.9%, while a wrong normalization
of the W -boson+jets background by a factor of 20%, 50% or even a factor two, brings a systematic error
on the cross-section of 3.4%, 4.7% and 6.9% respectively. A 5% relative error on the b-tagging efficiency
is expected from present studies for an efficiency of 50-60% and for a luminosity of 100 pb−1. The
resulting uncertainty on the cross-section turns out to be negligible. The undertainty on the mistag rate
is assumed to be of the order of 50%.

2.4 Results

With the first 100 pb−1of data, we can observe a tt̄ signal and determine its production cross-section.
This will be determined with a number of methods and we expect to reach the following accuracies (for
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If we were so lucky
If we have new physics, it could contaminate the sample
‣ consider a few mSUGRA points:

Along similar lines, counting experiments need to use 
Monte Carlo predictions for backgrounds such as single-top

... and data driven backgrounds could have new physics 
contaminating the control samples. 
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Table 6: Expected number of events in a 100 pb−1 data sample at different stages of the analysis for
several event types: after trigger and event selection (left column), after a cut on the di-jet masses in the
top-quark candidate (middle column) and events with in addition to the di-jet mass cut a hadronic top
mass cut 141 < mt < 189 GeV(right column).

Electron analysis Muon analysis
Event type Trigger+Selection Trigger+Selection

W const. mt win W const. mt win
SU1 53 9 1 64 12 2
SU2 10 2 0.5 13 3 0.7
SU3 108 22 4 124 26 4
SU4 1677 541 155 2141 700 199
SU6 29 5 0.6 35 6 0.6
SU8 27 5 0.6 33 6 0.8

50 100 150 200 250 300 350 400 450 5000
20
40
60
80

100
120
140
160
180
200
220
240

50 100 150 200 250 300 350 400 450 5000
20
40
60
80

100
120
140
160
180
200
220
240

 [GeV]jjjM

Nu
m

be
r o

f e
ve

nt
s 

/ 1
0.

0 
G

eV

ATLAS

(a)
TTbar (electron)
TTbar (electron comb.)
Background
SU(4)

50 100 150 200 250 300 350 400 450 5000

50

100

150

200

250

300

50 100 150 200 250 300 350 400 450 5000

50

100

150

200

250

300

 [GeV]jjjM

Nu
m

be
r o

f e
ve

nt
s 

/ 1
0.

0 
G

eV

ATLAS

(b)
TTbar (muon)
TTbar (muon comb.)
Background
SU(4)

Figure 6: (a): Expected distribution of the three-jet invariant masses among the top-quark candidates after
the requirement on the mass of the di-jet system in the electron channel in a 100 pb−1 event sample. (b):
Same distribution for the muon channel. The light histogram represents the Standard Model background.
i.e. the background from mSUGRA point SU4 is shown separately.

2.3 Implementation of b-tagging

The possibility to identify b-flavoured jets (b-tagging) will improve the signal to background ratio of the
selection. The b-tagging requirements are described in [9]. The number of “tagged” b-jets in the tt̄ ,
single top and W -boson+jet events which pass the default selection is shown in Fig. 7.

Tables 3 and 4 list the number of tt̄ and background events in the electron and muon channel which
survive the default selection plus the W -boson mass constraint, and the request of having one and only
one, or two and only two b-jets (column six and seven). For all these cases, the corresponding signal to
background ratios are given. Requiring one or two b-tagged jets improves the purity of the sample by
more than a factor of four, while the signal efficiency is only reduced by a factor of two.

In Fig. 8 the reconstructed three-jet mass is shown when one or two b-tagged jets are required for the
default selection (a) and for the default selection + the W -boson mass constraint (b). To reconstruct the
top mass, we find the three-jet combination with the highest possible pT , obtained by requiring that one
and only one of the three jets is a b-jet. The W -boson mass constraint can then be applied to the two jets
which are not b-tagged (among the three). If the three-jet combination chosen above is such that the two
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Dileptonic Channels
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Figure 13: Left plot: Di-lepton mass in signal, semileptonic tt̄ and Z → !+!− events. Right plot:
Distribution of the /ET for signal and various backgrounds, normalised to 100 pb−1

.

3.3.1 ‘Cut and count’ method

A ‘cut and count’ analysis is the most straightforward method to determine the cross-section. It can
be used as the basis and reference for the more elaborate likelihood methods and act as a cross check
between the different approaches.

The selection criteria are defined to maximise the efficiency ε and the purity p at the same time. The
figure of merit is the product

ε × p ∝ S√
S +B

= s

which is referred to as significance.
The variables that best characterise the signal events are the transverse momenta of the two leptons

and the two jets, as well as the missing transverse energy. The jet momenta are high since they originate
from the b-quarks, not present in the prominent background processes Z → !+!− or dibosons → !+!−

(WW , WZ and ZZ). A large amount of missing transverse energy is expected in signal events due to the
two escaping neutrinos. In addition a veto on events with a di-lepton invariant mass around the Z mass
is applied. Figure 13 shows the di-lepton mass distribution in Z → !+!− events. Most of the events are
found to have an invariant mass between 85 and 95 GeV. On the case of the Z → τ+τ− events the peak
is shifted and broadened, since the visible leptons do not come directly from the Z. Also the neutrinos
from the τ decay add to the missing transverse energy. It is therefore expected that this background will
be dominant, although the branching ratio for both τ’s decaying leptonically is only ∼ 9%. The optimal
selection was found from a multidimensional scan of the significance s. Exactly two leptons are required
and at least two jets. The requirements on the lepton and jet transverse momenta and on the /ET is then
varied from 20 to 60 GeV. Finally, the cuts with the maximum significance are used to evaluate the cut
and count performance.

As a result, the multidimensional scan indicates that the values of the preselection requirement of 20
GeV for the two leptons and for the two jets with the highest transverse momentum already maximise
the significance. One additional cut is imposed: the /ET is required to be at least 30 GeV for all channels
together, at least 25 GeV for the eµ decay channel and at least 35 GeV for the same flavour lepton chan-
nels. The distribution of the missing transverse momentum for the signal and the background samples
is presented in Figure 13. The efficiencies, signal over background ratios and the significance for an
integrated luminosity of 100 pb−1 are shown in Table 8.
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dataset e µ ee µ µ all channels
tt̄ (signal) 555 202 253 987
ε [%] 6.22 2.26 2.83 11.05
tt̄ (bkg) 24 11 4 39
Z → e+e− 0.0 9 0.0 20
Z → µ+µ− 5 0 51 79
Z → τ+τ− 17 4 6 25
W W 6 2 2 10
Z Z 0 0.2 0.4 0.9
W Z 1 0.6 1 3
W → eνe 7 7 0.0 14
W → µνµ 25 0.0 7 33
single top Wt 0.7 0.5 0.0 1
single top s-chann. 0.0 0.0 0.0 0.1
single top t-chann. 2 0.8 1 4
Total bkg. 86 36 73 228
S/B 6.3 5.6 3.4 4.3

Table 8: Number of events which survive the optimised selection criteria for signal and background
samples, scaled to a luminosity of 100 pb−1.

Luminosity [pb−1] 10 100 1000
∆σ/σ eµ 14.1 % 4.5 % 1.5 %

ee 23.7 % 7.6 % 2.6 %
µµ 22.5 % 7.6 % 3.6 %
All channels 11.0 % 3.6 % 1.5 %

Table 9: Expected statistical error on the cross-section determination for the cut and count analysis for
different luminosities.

The cross-section is defined as

σ =
Nsig

L × ε =
Nobs −Nbkg

L × ε

To evaluate the statistical uncertainty on σ , the error on Nobs is taken to be Gaussian assuming it will
be measured in the data. The error on Nbkg is calculated from Monte Carlo and scaled to the desired
luminosity. The relative error on the efficiency ε (the product of geometrical acceptance and selection
efficiency) is also calculated from the Monte Carlo. The expected statistical error on the cross-section
measurements for different integrated luminosities is given in Table 9.

3.3.2 Inclusive template method

The inclusive template method is based on the observation that the three dominant sources of isolated
leptons which can be selected in the eµ channel are tt̄, WW and Z → ττ . However, these three processes
can be separated looking at the two-dimensional plane spanned by /ET and number of jets, as shown in
Figure 14. Table 7 shows that there might be instrumental effects that introduce fake leptons, primarily
in W and Z decays to muons. The fake leptons can weaken the separation of the templates if their
contribution is too large. To reduce this effect we add a tight requirement on one of the electrons and
reject events where the /ET is aligned along any of the reconstructed muons. By constructing normalised
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Figure 13: Left plot: Di-lepton mass in signal, semileptonic tt̄ and Z → !+!− events. Right plot:
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3.3.1 ‘Cut and count’ method

A ‘cut and count’ analysis is the most straightforward method to determine the cross-section. It can
be used as the basis and reference for the more elaborate likelihood methods and act as a cross check
between the different approaches.

The selection criteria are defined to maximise the efficiency ε and the purity p at the same time. The
figure of merit is the product

ε × p ∝ S√
S +B

= s

which is referred to as significance.
The variables that best characterise the signal events are the transverse momenta of the two leptons

and the two jets, as well as the missing transverse energy. The jet momenta are high since they originate
from the b-quarks, not present in the prominent background processes Z → !+!− or dibosons → !+!−

(WW , WZ and ZZ). A large amount of missing transverse energy is expected in signal events due to the
two escaping neutrinos. In addition a veto on events with a di-lepton invariant mass around the Z mass
is applied. Figure 13 shows the di-lepton mass distribution in Z → !+!− events. Most of the events are
found to have an invariant mass between 85 and 95 GeV. On the case of the Z → τ+τ− events the peak
is shifted and broadened, since the visible leptons do not come directly from the Z. Also the neutrinos
from the τ decay add to the missing transverse energy. It is therefore expected that this background will
be dominant, although the branching ratio for both τ’s decaying leptonically is only ∼ 9%. The optimal
selection was found from a multidimensional scan of the significance s. Exactly two leptons are required
and at least two jets. The requirements on the lepton and jet transverse momenta and on the /ET is then
varied from 20 to 60 GeV. Finally, the cuts with the maximum significance are used to evaluate the cut
and count performance.

As a result, the multidimensional scan indicates that the values of the preselection requirement of 20
GeV for the two leptons and for the two jets with the highest transverse momentum already maximise
the significance. One additional cut is imposed: the /ET is required to be at least 30 GeV for all channels
together, at least 25 GeV for the eµ decay channel and at least 35 GeV for the same flavour lepton chan-
nels. The distribution of the missing transverse momentum for the signal and the background samples
is presented in Figure 13. The efficiencies, signal over background ratios and the significance for an
integrated luminosity of 100 pb−1 are shown in Table 8.
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In the di-lepton channel, a simple “cut and count” analysis can be 
used to measure the cross-section with as little as 100 pb-1

‣ 2 opposite sign leptons and 2 jets pt > 20 GeV
‣ MET > 30 GeV and remove mll ~ 90 GeV
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Dileptonic Channels

3.6 Results

The final results in percent for the combined di-lepton channels for an integrated luminosity of 100 pb−1

are summarised here

Cut and Count method: ∆σ/σ = (4(stat)+5
−2(syst)±2(pdf)±5(lumi))% (4)

Template method: ∆σ/σ = (4(stat)±4(syst)±2.(pdf)±5(lumi))% (5)
Likelihood method method: ∆σ/σ = (5(stat)+8

−5(syst)±0.2(pdf)±5(lumi))% (6)

4 Discussion and outlook

In this note we have demonstrated that ATLAS will be able to reliably determine the tt̄ production
cross-section already from the startup period of LHC. We have determined this cross-section for the tt̄
system decaying both into a single electron or muon with associated jets, or two electrons or muons with
jets. For the single-lepton mode, we have investigated robust selection criteria that do not depend on the
b-quark tagging. For the di-lepton channel various complementary channels have been investigated.

With only 100 pb−1 of accumulated data, we have shown that we can observe the top-quark signal
and measure its production cross-section. Various methods have been presented and the corresponding
uncertainties studied. Apart from the luminosity uncertainty, the overall uncertainties are of the order of
(5-10)% and are dominated by systematics. Consistency between the methods constrain contributions of
new physics as they affect the various methods differently.
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cut and count method likelihood method
∆σ/σ [%] eµ ee µµ all eµ ee µµ all
CTEQ6.1L set 2.4 2.9 2.0 2.4 0.3 0.4 0.2 0.2
MRST2001L set 0.9 1.1 0.7 0.9 0.2 0.2 0.1 0.2
JES-5% -2.0 0.0 -3.1 -2.1 -5.4 1.1 4.9 8.3
JES+5% 2.4 4.1 4.7 4.6 7.8 3.9 -4.6 -4.4
FSR 2.0 2.0 4.0 2.0 0.2 0.4 0.0 0.3
ISR 1.1 1.1 1.2 1.1 2.5 1.8 0.0 1.7
parameters-1σ -3.0 -0.2 -2.1 -1.8
paramterrs+1σ 3.2 0.8 2.0 2.0

Table 11: Uncertainties on the cross-section measurement for the cut and count and the likelihood meth-
ods.

to be of the order 1%. The lepton trigger efficiency will be measured from data using Z events with an
uncertainty which should also be of the order 1%. The lepton fake rate uncertainty is estimated from
dijet events, and during the initial phase of data taking we expect this uncertainty to be of the order of
50%. The systematic effect due to the uncertainty of the jet energy scale is investigated by scaling the
reconstructed jet energies by ±5%. The value of the /ET is rescaled accordingly. The initial and final
state radiation was investigated as described in Section [?] and the results are summarised in Table 11 as
well.

For the likelihood, the fit parameters of the Chebychev polynomials were varied by 1 σ at the same
time in the same direction. The results can be seen in Table 11.

The reweighting technique, to assess the systematic uncertainties from parton densities is described
in Section 2.2.3. To cross-check the technique ATLFAST samples with different PDFs were used. For
the cut and count method the efficiency using MRST PDFs is larger than the efficiency using CTEQ
PDFs. Table 11 summarises the changes in the selection efficiency. For the cut and count analysis this
directly translates into an uncertainty on the cross-section determination. For the likelihood method the
reweighted events were used to fit the Nsig and Nbkg to the templates which were generated with the
unmodified fully simulated events.

3.5 Contribution of new physics

Many models of physics beyond the Standard Model can have a significant branching ratio to the di-
lepton final state. In particular the ’cut and count’ method is sensitive to these potential contributions. In
some SUSY scenarios the contribution can be as large as one-third of the total tt̄ signal. This indicates
how crucial it is to include all final states in order to verify the global consistency of the tt̄ cross-section.
The template/likelihood methods are able to consider more distinctive tt̄ event properties and can be
made much more robust against non-Standard Model sources.

Data-driven methods which consider the full kinematics of the di-lepton tt̄ system can further help
to disentangle new physics ??.
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16

In the di-lepton channel, a simple “cut and count” analysis can be 
used to measure the cross-section with as little as 100 pb-1

‣ The luminosity error dominates, and the uncertainty on that 
could be as large as 20%

‣ Assuming a 5% luminosity error, get a ~9% measurement of 
cross-section in this channel

state showering, and 2% from the jet energy scale. QCD final state showering only comes from tt̄ and
is found not to have any measurable effects on the fit when all channels are included. The projected
significance versus integrated luminosity including all systematic uncertainties, except luminosity, is
shown in Fig. 15.
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Figure 15: (a) Total composition of the inclusive di-lepton selection versus number of jets. (b) Pro-
jected significance from pseudo-experiments for the inclusive template fit versus integrated luminosity
including all channels and all systematic uncertainties.

3.3.3 Likelihood method

The likelihood method uses the following log-likelihood function to extract the parameters Nsig and Nbkg
given the fixed total number of events Ntot and the measurements (xi):

L =−
Ntot

∑
i=1

ln(G[xi|Nsig,Nbkg])+Ntot

with
G(x) = Nsig×S(x)+Nbkg×B(x)

The multidimensional function G(x) is the sum of the functions S(x) which describes the signal
distribution and of B(x) that describes the background distribution. The functions are determined by
fitting Chebychev polynomials to the signal and background Monte Carlo distributions after the cut and
count cuts were applied in the variables |∆ϕ(lepton0,Emiss

T )| (∆ϕ between the highest pT lepton and the
missing transverse energy vector) and |∆ϕ|(jet0,Emiss

T )| (∆ϕ between the highest pT jet and the Emiss
T

vector). Fig. 16 shows one of the distributions and the solid line shows the fits to the distribution that are
used as S(x) and B(x).

The sum of the semi-leptonic tt̄ , Z→ !+!− and WW events are considered as background and added
up according to their cross-section to produce one single background distribution.

To estimate the error on the cross-section, ensemble tests were performed for different integrated
luminosities ranging from 10 pb−1to 1 fb−1. The relative statistical errors are presented in Table 11.

3.4 Systematic uncertainties

The systematic uncertainties have been evaluated according to the standard prescription [9]. In particular,
the lepton ID efficiency will be measured from data using Z-boson events and the uncertainty is expected
to be of the order 1%. The lepton trigger efficiency will be measured from data using Z events with an
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Miscellaneous point
Can we really make a precise measurement if the 
acceptance of our jets could be either of these two 
distributions?

17

Top MC comparisons

42

• With MC descriptions of top physics so central, it is important to understand 
differences

! POWHEG (Nason; Oleari, Frixione  no negative weights, different showering) vs 
MC@NLO

! MC@NLO vs. ALPGEN for tt+jet

! Dip related to HERWIG
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Single top cross-section
Much more difficult.  It requires a more 
sophisticated analysis, but reasonable 
measurement with 1 fb-1
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sets provided by the PDF packages. While the event generation was done only for the central value PDF,
weights were calculated in each event according to:

w±
i =

f1(x1,Q;S±i ) · f2(x2,Q;S±i )
f1(x1,Q;S0) · f2(x2,Q;S0)

, (2)

where, f1 and f2 are the PDF values for a given hard scattering process (characterized by flavors f
and momentum fractions x of the initial partons, and by Q, the event energy scale) evaluated for the ith

error PDF pair S±i . The variation in efficiency was calculated by applying an event selection similar to
the preselection cuts at the generator level. The variations in efficiency were added using the Hessian
formalism and the results from CTEQ and MRST PDF error sets [22] [23] were consistent. The effect of
the PDF uncertainty on the signal was evaluated to be +1.4% -1.1% and it is a minor contribution to the
final systematics. A larger effect of +6.2% -5.5% was seen on the tt̄ background. The PDF uncertainty
was estimated for the leading contribution from the tt̄ process only.

In addition to the above, the t-channel process has a fairly large uncertainty from MC generator pre-
dictions. Comparing various combinations of ME and PS generators, it was observed that the Pythia and
Herwig parton shower algorithms give significantly different jet multiplicities. While we assume that this
difference can be eliminated by tuning the parameters to the observed data3, the instability of theoretical
prediction from matrix element generators is an outstanding issue and a 4.2% variation in signal accep-
tance was seen by comparing AcerMC+Herwig and MC@NLO+Herwig. We quote this as an estimate
for systematic uncertainty from the theoretical prediction. In our present analysis, the background is es-

Table 4: Summary of all uncertainties that affect the measured cross section, shown for the cut-
based analysis and the BDT analysis. “Data statistics” represents the Poisson error one would
expect from real data

Source Analysis of 1 fb−1 Analysis of 10 fb−1

Variation Cut-based BDT Variation Cut-based BDT
Data Statistics 5.0% 5.7 % 1.6% 1.8 %
MC Statistics 6.5 % 7.9% 2.0 % 2.5%
Luminosity 5% 18.3 % 8.8% 3% 10.9 % 5.2%
b-tagging 5% 18.1 % 6.6% 3% 10.9% 3.9%
JES 5% 21.6% 9.9% 1% 4.4 % 2.0%
Lepton ID 0.4% 1.5 % 0.7% 0.2% 0.6 % 0.3%
Trigger 1.0% 1.7 % 1.7% 1.0% 3.6 % 1.7%
Bkg x-section 22.9% 8.2% 6.9 % 2.5%
ISR/FSR +7.2 -10.6% 9.8 % 9.4% +2.2 -3.2% 2.7 % 2.5%
PDF +1.38 -1.07% 12.3 % 3.2% +1.38 -1.07% 12.3 % 3.2%
MC Model 4.2% 4.2 % 4.2% 4.2% 4.2 % 4.2%
Total 45% 22% 22% 10%

timated from Monte Carlo and its normalization is currently estimated based on theoretical uncertainties.
When data will be available, the tt̄ and the W+jets backgrounds will be measured from data as well. It

3The current tunings of Pythia and Herwig parton shower weres obtained independently based on extrapolation from the
Tevatron data. [24]
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The t-channel cross section is proportional to |fLV tb|2, where the parameter fL is the weak left-handed
coupling and fL = 1 in the Standard Model. In the theory predictions, the product |fLV tb|2 is always set
to unity. Thus, if one measures the cross section, and then divides by the theoretical cross section, one
obtains a measurement of |V tb|2, making the Standard Model assumption that fL = 1 [27].

The relative uncertainty on Vtb is the relative uncertainty on |V tb|2 divided by two since δ |V tb|/|V tb|=
δ |V tb|2/2|V tb|2. However, there are additional systematic uncertainties in the Vtb measurement due to the
presence of the theoretical cross section in the denominator. Here, we quote the uncertainty calculated
in [7], in which a theoretical uncertainty of +3.8 − 4.1% is reported including the contributions due
to the strong scale, PDF and top quark mass uncertainties. We use the average of the positive and the
negative uncertainties. Therefore, the estimated uncertainty on the measured value of Vtb is

∆|V tb|
|V tb|

= ±11%stat+sys ±4%theo = ±12%. (4)

4.5 Summary

The cross section measurement of the single top quark t-channel was studied in this chapter. The charac-
teristics of the signal and background were investigated in detail and an analysis strategy was developed
first using simple cuts and then using boosted decision trees.

While a cut-based event selection can achieve a statistical precision of a few percent at an integrated
luminosity of 1 fb−1, the tt̄ background is difficult to reduce. This results in large systematic uncer-
tainties coming from both experimental and theoretical origins. Uncertainties in the jet energy scale,
b-tagging and luminosity all affect the measurement considerably. The uncertainty on the background
cross section is also rather large though we expect that it will be constrained at higher accuracy with
the data. This is also true for the QCD background, which is not included in our current analysis. The
results shown are obtained on samples without any pile-up and no systematic uncertainty was associated
to it. Data-driven background estimation methods should be developed once data is available. Among
the theoretical issues, the ISR/FSR uncertainty degrades the measurement more significantly than other
theoretical effects such as the PDF and the Monte Carlo generator model.

A multivariate background discrimination method is very effective in reducing the background and
thus reducing the total uncertainty to nearly a half of the cut-based analysis. We conclude that multivari-
ate analysis tools are highly effective for a t-channel cross section measurement and further studies of
these techniques will be very beneficial for the improvement of the analysis in the future. However, to
reach a precision at a few percent level, studies of systematic uncertainties and an excellent understanding
of the detector response will be necessary.

5 Measurement of the s-channel cross section

The measurement of the single top quark s-channel appears the most delicate of the three main single-
top quark processes. Suffering from a low cross section compared to the main backgrounds, the event
topology makes this channel very sensitive to the presence of both tt̄ and W+jets events. Because of
the low jet multiplicity of such events, the analysis is also expected to be sensitive to dijet production,
despite the tight requirements on the presence of at least two b jets. The s-channel is however one of the
most interesting because the production of tb final state events is directly sensitive to contributions from
extra W-bosons or charged Higgs bosons as predicted in two Higgs doublet model (2HDM) [28].

The event selection is presented in three steps. A first one makes use of a standard cut-based analy-
sis, and will serve as a reference with the early data. In a second step, likelihood functions designed to
improve the discrimination against specific backgrounds are presented together with the sets of discrim-
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distinguishable from the abundant Standard Model QCD multi-jets production, which is expected
to be orders of magnitude bigger than the signal. Another challenging point of this signature is the
presence of a high combinatorial background when reconstructing the top quark mass.

• Semi-leptonic: represents about 4/9 of the tt decays. The presence of a single high pT lepton
allows to suppress the Standard Model W+jets and QCD background. The pT of the neutrino can
be reconstructed as it is the only source of /ET for signal events.

In this document, top pair production is studied in the semi-leptonic and fully leptonic decay modes.

3 Single Top Quark Production

In the Standard Model single-top quark production is due to three different mechanisms: (a) W-boson and
gluon fusion mode, which includes the t-channel contribution and is referred to as t-channel or Wg as a
whole (b) associated production of a top quark and a W-boson, denoted Wt, and (c) s-channel production.
The corresponding diagrams are shown in Fig. 2. We note however that these definitions are valid only
at leading order (LO): next to leading order (NLO) calculations may introduce diagrams which cannot
be categorised so unambiguously. The total NLO cross-section amounts to about 320 pb at the LHC.
Among those channels, the dominant contribution comes from the t-channel processes, which account
for about 250 pb; the Wt contribution amounts to about 60 pb while the s-channel mode is expected with
a cross-section of about 10 pb [5] [6].

Figure 2: Main graphs corresponding to the three production mechanisms of single-top
quark events: (a) t-channel (b) Wt associated production (c) s-channel.

In the following notes, when discussing the analysis strategy in the s- and t-channels, we will use only
the leptonic decay of the W-bosons (lνbb̄ and lνb(b̄)q final states, respectively)1. For the associated Wt
production, we will consider events where one of the W-bosons ( either the one produced together with
the top quark or the one appearing in the top quark decay) decays leptonically and the other hadronically.
The τ decay modes were included in all relevant simulated event samples, though signal selection is
aimed at electron and muon signatures.

We note that in pp collisions, the cross-section for single-top quark is not charge symmetric. The
s-channel tb̄ final state cross-section is predicted to be a factor 1.6 higher than the one corresponding
to the t̄b final state. This ratio is 1.7 if only the t-channel processes are included. This feature is of
special interest since it generates a charge asymmetry in the leptonic final state that can be exploited in
the analysis to reduce the contamination from the top quark pair production, which constitutes the main

1The hadronic decay modes have obvious disadvantages for triggering and the lack of a lepton signature increases the
background significantly
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Figure 2: a) Light jet and b) b-jet multiplicity in semi-leptonic tt̄ events before (solid line) and after

(dashed line) requiring that the jet pT be greater than 40 GeV(plots are normalised to unity).

the combinatorial and physical backgrounds increase. Moreover, due to initial and final state

radiation (ISR, FSR), 30% of the signal events have more than two light jets with pT > 40 GeV.

Therefore, no requirement is made on the number of light jets.

• Among these jets, exactly two must be b-tagged.

3.4.3 Purity definition

When a tt̄ semi-leptonic decay is reconstructed, one must choose which jets in the event to associate

with the hadronicW boson decay and also which jets correspond to each of the twob-jets. The success

of an algorithm for making such as choice is quantified as its purity, the fraction of events in which

this choice is correct, based on looking at the Monte Carlo parentage information. For this purpose,

jets are matched to the closest Monte Carlo parton with!R< 0.25. Purities are defined for identifying
the hadronically-decayingW boson (both light jets chosen are within 0.25 from the quark stemming

from theW boson), the hadronic b-quark, and the hadronically-decaying top quark. Note that the top

quark purity is not the product of the other two due to correlations.

3.5 HadronicW boson mass reconstruction

Several algorithms have been tried to choose the two light jets from the hadronically-decayingW bo-

son. Three have been identified that give the best compromise between efficiency and purity:

• the "2 minimization method,

• the geometric method: this method consists in choosing the two closest jets,

• choosing the two light jets that give the mass closest to the known mass of theW boson [14].

The first and last methods are quite similar, but the first one contains in addition an event-by-event

rescaling. Therefore, the last method will not be described here.
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Figure 11: Distribution of X1 ≡ E∗W − E∗b for
events passing C2 and C3. Vertical lines corre-

spond to the bounds of theC4 cut.
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Figure 12: Distribution of X2 ≡ 2E∗b for events
passing C2, C3, and C4. Vertical lines corre-

spond to the bounds of theC5 cut.

Table 4: Additional cuts applied, after the event selection, for both methods (Xi, µi and !i are defined

in the text of this section).

Cut label Description

Cut C0 ("2 minimization) |Mrec
W − MPDG

W | < 2#PDGMW

(Mrec
W is the reconstructed hadronic W and #PDGMW

= 2.1 GeV)

Cut C1 (geometric method) |Mrec
W − M

peak
W | < 2!MW

(!MW
= 10.4 GeV)

Cut C2 (both methods) M(Whad,blep) > 200 GeV

Cut C3 (both methods) M(lepton,blep) < 160 GeV

Cut C4 (both methods) |X1−µ1| < 1.5!1
Cut C5 (both methods) |X2−µ2| < 2!2

13

TOP – TOP QUARK MASS MEASUREMENTS

121

990

3.7.1 Additional cuts

Additional cuts can be applied in order to increase the final top purity (combinatorial background

rejection).

• Cut C2: the invariant mass of the hadronicW boson and the b-jet associated to the leptonic

W boson must be greater than 200 GeV.

• Cut C3: the invariant mass of the lepton and the b-jet associated to the leptonicW boson must

be lower than 160 GeV.

These cuts are illustrated in Figs. 9 and 10. Their effects on efficiency and purity are shown in

Tables 2 and 3.
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Figure 9: Invariant mass of the hadronicW bo-

son and the leptonic b-jet for events satisfying

C1. The vertical line corresponds to Mj jbl =
M(Whad,blep) > 200 GeV.
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Figure 10: Invariant mass of the lepton and

the leptonic b-jet for events satisfying C1 and

C2. The vertical line corresponds to Mlbl =
M(l,blep) < 160 GeV.

The combinatorial background can be further suppressed with two more cuts [19]. These are

defined based on the following variables, where E∗ denotes the energy of a particle in the top quark
rest frame:

X1 = E∗W−E∗b = E∗j1+E∗j2−E∗b =
M2
W−M2

b

Mtop

, (2)

X2 = 2E∗b =
M2
top−M2

W+M2
b

Mtop

. (3)

We call the peak and width of the X1,2 distributions µ1,2 and !1,2, as is found from simulated tt̄

events with mtop = 175 GeV that satisfy all previous requirements. Then the two following cuts are

defined:

• Cut C4: |X1−µ1| < 1.5!1,

• Cut C5: |X2−µ2| < 2!2.

These cuts are illustrated in Figs. 11 and 12. With respect to C2 and C3, these cuts reduce the

efficiency by 30% but increase the purity to 85%, as shown in Tables 2 and 3. The numbers are

identical in the full top quark mass window and within ± 3 !mtop , since C4 and C5 restrict the top

quark mass to a more stringent window than± 3 !mtop around the peak value.
Table 4 summarizes the cuts applied in these analyses.
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M2
W = m2l −2(plxp!x + plyp

!
y )+2El

√
/ET

2+(p!z )2−2(plzp!z ).

This equation has no solution if the measured /ET fluctuates such that the neutrino-lepton invariant
mass is above theW boson mass; this happens in 30% of the remaining events after the C0 cut. In

this case, p!T is reduced until a solution is found, with the restriction that the transverse W boson

mass remain below 90 GeV (see Fig. 8). Only 11% of the events still have no solution after this

procedure. Otherwise, the equation has two solutions. The choice among the two p!z is performed

together with the association of the b-jet to the correspondingW boson: the combination giving the

smaller difference between the hadronic and leptonic top quark masses is kept.
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Figure 8: TransverseW boson mass (distributions are normalized to unity). On the left, the Jacobian

peak is clearly seen at the generator level (solid line); events for which no p!z solution is found (dashed

line) can be distinguished from events for which a solution is found (dotted line). On the right, the

effect of the p!T modification for events for which no p
!
z solution is found, before (dashed line) and

after (solid line) modification: a fraction of these events are recovered.

3.7 Top quark reconstruction

The two methods used for the hadronic W boson reconstruction lead to two methods for the top

quark mass reconstruction. Moreover, additional cuts are applied in order to increase the purity of the

selected sample; their relevance is illustrated below.

Once the hadronic W boson is reconstructed, the next step is to choose from the two b-jets the

one to associate with the hadronicW boson in order to reconstruct the hadronic top quark. Several

methods have been investigated:

• choose the b-jet that maximizes the hadronic top quark pT .

• Choose the b-jet closest to the hadronicW boson.

• Choose the b-jet furthest from the leptonicW boson.

All three methods give similar results, but the second method has a slightly higher purity, so that

one has been chosen. The remaining b-jet and the leptonicW boson then define the leptonic top quark.

The performance of the analyses before any additional cuts is summarized in Tables 2 and 3, in a

full top quark mass window and within± 3 "mtop , where "mtop = 10 GeV.
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Figure 11: Distribution of X1 ≡ E∗W − E∗b for
events passing C2 and C3. Vertical lines corre-

spond to the bounds of theC4 cut.
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Figure 12: Distribution of X2 ≡ 2E∗b for events
passing C2, C3, and C4. Vertical lines corre-

spond to the bounds of theC5 cut.

Table 4: Additional cuts applied, after the event selection, for both methods (Xi, µi and !i are defined

in the text of this section).

Cut label Description

Cut C0 ("2 minimization) |Mrec
W − MPDG

W | < 2#PDGMW

(Mrec
W is the reconstructed hadronic W and #PDGMW

= 2.1 GeV)

Cut C1 (geometric method) |Mrec
W − M

peak
W | < 2!MW

(!MW
= 10.4 GeV)

Cut C2 (both methods) M(Whad,blep) > 200 GeV

Cut C3 (both methods) M(lepton,blep) < 160 GeV

Cut C4 (both methods) |X1−µ1| < 1.5!1
Cut C5 (both methods) |X2−µ2| < 2!2
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3.7.1 Additional cuts

Additional cuts can be applied in order to increase the final top purity (combinatorial background

rejection).

• Cut C2: the invariant mass of the hadronicW boson and the b-jet associated to the leptonic

W boson must be greater than 200 GeV.

• Cut C3: the invariant mass of the lepton and the b-jet associated to the leptonicW boson must

be lower than 160 GeV.

These cuts are illustrated in Figs. 9 and 10. Their effects on efficiency and purity are shown in

Tables 2 and 3.
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The combinatorial background can be further suppressed with two more cuts [19]. These are

defined based on the following variables, where E∗ denotes the energy of a particle in the top quark
rest frame:

X1 = E∗W−E∗b = E∗j1+E∗j2−E∗b =
M2
W−M2

b

Mtop

, (2)

X2 = 2E∗b =
M2
top−M2

W+M2
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Mtop

. (3)

We call the peak and width of the X1,2 distributions µ1,2 and !1,2, as is found from simulated tt̄

events with mtop = 175 GeV that satisfy all previous requirements. Then the two following cuts are

defined:

• Cut C4: |X1−µ1| < 1.5!1,

• Cut C5: |X2−µ2| < 2!2.

These cuts are illustrated in Figs. 11 and 12. With respect to C2 and C3, these cuts reduce the

efficiency by 30% but increase the purity to 85%, as shown in Tables 2 and 3. The numbers are

identical in the full top quark mass window and within ± 3 !mtop , since C4 and C5 restrict the top

quark mass to a more stringent window than± 3 !mtop around the peak value.
Table 4 summarizes the cuts applied in these analyses.
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This equation has no solution if the measured /ET fluctuates such that the neutrino-lepton invariant
mass is above theW boson mass; this happens in 30% of the remaining events after the C0 cut. In

this case, p!T is reduced until a solution is found, with the restriction that the transverse W boson

mass remain below 90 GeV (see Fig. 8). Only 11% of the events still have no solution after this

procedure. Otherwise, the equation has two solutions. The choice among the two p!z is performed

together with the association of the b-jet to the correspondingW boson: the combination giving the

smaller difference between the hadronic and leptonic top quark masses is kept.
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line) can be distinguished from events for which a solution is found (dotted line). On the right, the

effect of the p!T modification for events for which no p
!
z solution is found, before (dashed line) and

after (solid line) modification: a fraction of these events are recovered.

3.7 Top quark reconstruction

The two methods used for the hadronic W boson reconstruction lead to two methods for the top

quark mass reconstruction. Moreover, additional cuts are applied in order to increase the purity of the

selected sample; their relevance is illustrated below.

Once the hadronic W boson is reconstructed, the next step is to choose from the two b-jets the

one to associate with the hadronicW boson in order to reconstruct the hadronic top quark. Several

methods have been investigated:

• choose the b-jet that maximizes the hadronic top quark pT .

• Choose the b-jet closest to the hadronicW boson.

• Choose the b-jet furthest from the leptonicW boson.

All three methods give similar results, but the second method has a slightly higher purity, so that

one has been chosen. The remaining b-jet and the leptonicW boson then define the leptonic top quark.

The performance of the analyses before any additional cuts is summarized in Tables 2 and 3, in a

full top quark mass window and within± 3 "mtop , where "mtop = 10 GeV.
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Figure 20: Reconstructed top quark mass with 2 b-tagged jets as a function of the generated top quark

mass (left: !2 minimization method, after C0 cut; right: geometric method after C1 cut). The method

has good linearity.

The resulting uncertainty is lower than 0.1 GeV.

3.11.4 Background estimate

Variations in the size of the background have no noticeable effect on the extracted top quark mass.

Nevertheless, it is important to extract the shape of the background from data.

3.12 Linearity of the method

The analysis leading to the top quark mass measurement has been applied to samples corresponding

to several values of generated top quark mass. Figures 20 and 21 show that both methods have good

linearity. The reconstructed top quark mass lies above the generated one by an average offset equal to

0.2% of mtop. This comes from the pT jet spectrum which is different for each sample with a different

generated top quark mass [3]. The jet energy scale is then a little bit different in each sample due to

the pT cut applied on jets.

4 Top quark mass measurement in the semi-leptonic channel with re-

laxed requirements on the b-tagging

At the start of LHC running, the detector will not be optimized and will require a commissioning phase

with first data to calibrate its sub-components. This is particularly true for the pixel detector and its

capability to tag b-jets. Thus, it could be useful to have a top quark mass measurement analysis in

which the use of b-tagging is reduced. This is addressed in this section by performing a first analysis in

which exactly one b-jet is b-tagged (the assumed b-tagging efficiency is the same as before: "b! 60%).
This sample has no events in common with the sample used in section 3. In a second analysis, b-

tagging is not used in the reconstruction of the tt̄ events. Even if not used, this sample contains events

with 0, 1, or 2 b-tagged jets and overlap with the other two samples.
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3.11 Systematic uncertainties

The statistical uncertainty on the top quark mass being negligible with a few fb−1 of collected data,
the total uncertainty will quickly be dominated by the systematic uncertainties. All the contributions

are listed below and summarized in Table 6.

Table 6: Systematic uncertainties on the top quark mass measured in the semi-leptonic channel.

Systematic uncertainty !2 minimization method geometric method

Light jet energy scale 0.2 GeV/% 0.2 GeV/%

b jet energy scale 0.7 GeV/% 0.7 GeV/%

ISR/FSR " 0.3 GeV " 0.4 GeV
b quark fragmentation ≤ 0.1 GeV ≤ 0.1 GeV
Background negligible negligible

Method 0.1 to 0.2 GeV 0.1 to 0.2 GeV

3.11.1 Jet energy scale (JES)

The effect of the uncertainty of the jet energy scale on the top quark mass measurement has been

estimated by multiplying separately the light jet and b-jet momenta by several rescaling factors (20

factors, between −10% and +10%). Neither the event selection nor the /ET have been changed after
this jet energy rescaling.

The resulting top quark mass depends linearly on the rescaling factor. The related systematic

uncertainty on the top quark mass can therefore be expressed as a percentage of the light jet and b-jet

energy scale miscalibration.

• The uncertainty in the b-jet energy scale produces an uncertainty in the top quark mass of 0.7
GeV/%. The b-jet scale will ultimately be determined with data from Z+ jets. However, at
the start of LHC running, the Z+ jets statistics will be low, so the b-jet scale will be derived
from the measured light jet scale togheter with a Monte Carlo correction term modelling the

difference between the two jet energy scales. The systematic uncertainty associated with these

methods has not been yet evaluated.

• The uncertainty in the light jet energy scale produces an uncertainty in the top quark mass of
0.2 GeV/%. The reduced dependence compared to that of the b-jet energy scale is due to the

W boson mass constraint used in the rescaling (!2 minimization method or kinematical fit) or

the definition of the top quark mass estimator (geometric with rescaling method). It has been

shown that the light jet energy scale should be known with a precision of 1% in 1 fb−1 of
data [3]: the corresponding uncertainty on the top quark mass would therefore be 0.2 GeV.

3.11.2 Initial and final state radiation (ISR and FSR)

The study of the effect of initial and final state radiation on the top quark mass measurement is still

preliminary. Several samples have been simulated for this study, corresponding to different sets of

parameters:
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3.8 Top quark mass measurement

In Fig. 13, the hadronic top quark mass reconstructed with the !2 minimization method is fit to the

sum of a Gaussian and a polynomial (third degree). For 1 fb−1, the fit Gaussian has its mean at
175.0± 0.2 GeV and a width of 11.6± 0.2 GeV (!2/dof = 137/67). It is seen that C2 and C3 do not
significantly shift the top quark mass: mtop = 174.8 ± 0.3 GeV with a width equal to 11.7 ± 0.4 GeV
(!2/dof = 82/67: C2 and C3 improve significantly this value).
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Figure 13: The hadronic top quark mass reconstructed with the !2 minimization method, fit with a

sum of a Gaussian and a third order polynomial, scaled to 1 fb−1. Left, after C0: mtop = 175.0 ± 0.2
GeV, with a width equal to 11.6± 0.2 GeV. Right, after C2 and C3: mtop = 174.8 ± 0.3 GeV with a
width equal to 11.7 ± 0.4 GeV

Figure 14 shows the result of the hadronic top mass reconstruction using the geometric method,

fit to the sum of a Gaussian and a threshold function3(left, !2/dof = 97/75) and to a pure Gaussian

(right, !2/dof = 38/24). After all cuts, the Gaussian mean fits to 175.0± 0.4 GeV with a width of
14.3±0.3 GeV. The width is larger than with the !2 minimization method since no attempt is made
to perform an event-by-event rescaling of the light jets. Nevertheless, the contribution of the light jets

to the top quark mass resolution can be removed to first order by computing the top quark mass as

mtop =Mjjb−Mjj+M
peak
W . The results of this geometric method with rescaling are shown in Fig. 15.

The width decreases to 10.6 GeV, consistent with the results from the !2 minimization method.
Table 5 summarizes the fit results from all the methods discussed here.

3The formula of the threshold function used is the following:

A · e−
1
2

(
x−Mtop
"top

)2
+CstBd f · (x− threshold)b · e−c(x−threshold) (4)
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Figure 24: Events without b-tagging: comparison between background and event mixing samples for

two jets (left) and three jets (right) invariant mass.

� � � � 
 � � �  � �

Several methods have been investigated in order to perform an accurate top quark mass measurement

with 1 fb−1 of collected data, in the tt̄ semi-leptonic channel. The best top quark mass determination
is achieved with two b-tagged events and a top mass estimator taken as the invariant mass of the

three jets from hadronically-decaying top quark; the uncertainty on the top quark mass measurement

with this analysis will be dominated by systematics, the statistical uncertainty being already small

(≤0.4 GeV). The precision on the top quark mass relies mainly on the jet energy scale uncertainty: a
precision of the order of 1 to 3.5 GeV should be achievable with 1 fb−1, assuming a jet energy scale
uncertainty of 1 to 5%.W boson sample can be extracted from the tt̄ sample in order to constrain the

light jet energy scale. The main uncertainty on the top quarkmass measurement will come from the

b-jet energy scale.

Events with one or no b-tagged jets lead also to an interesting measurement if the background

(physical and combinatorial) shape is constrained from data. The estimated precision on the top quark

mass value is below 2 GeV (assuming a jet energy scale uncertainty of the order of the percent), with

a very good signal over background ratio. These samples are thus very useful for jet energy scale or

b-tagging studies during the commissioning phase with early data.
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Prediction via Monte Carlo Simulation

The enormous detectors are still being constructed, but we have detailed
simulations of the detectors response.

L(x|H0) =
W

W

H
µ+

µ−

⊕

The advancements in theoretical predictions, detector simulation, tracking,
calorimetry, triggering, and computing set the bar high for equivalent
advances in our statistical treatment of the data.

September 13, 2005

PhyStat2005, Oxford
Statistical Challenges of the LHC (page 6) Kyle Cranmer

Brookhaven National Laboratory
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Matrix-element likelihood: 
Calculate probability directly

   P(event z | SM) = P (z | process A) + P(z | process B) + ….

where

   P( z | A ) = ! dy |MA|
2 fpfp fTF(y,z)

Parton(y) to detector(z) transfer function (TF)
  describes parton-shower and
  detector response in parametrized
  form (Issue 2)

Matrix-element*PDFs for process A (Issue 2)

Integration over parton-level quantities

 =  d"#/dz

‣ could use Sudakov factor directly
‣ or a new “M.E.-P.S.” method, that 

incorporates shower and matching
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Matrix-element likelihood: 
Calculate probability directly

   P(event z | SM) = P (z | process A) + P(z | process B) + ….

where

   P( z | A ) = ! dy |MA|
2 fpfp fTF(y,z)

Parton(y) to detector(z) transfer function (TF)
  describes parton-shower and
  detector response in parametrized
  form (Issue 2)

Matrix-element*PDFs for process A (Issue 2)

Integration over parton-level quantities

 =  d"#/dz

One of the most elegant and powerful 
ways to extract lagrangian parameters (ie. 
top mass) is via the “Matrix Element” 
technique

‣ requires reasonable description of 
detector response

‣ integrate over phase space and 
evaluate likelihood per event

One issue... what about soft radiation?  D0 
boosted to the tT rest frame and added a 
term to the likelihood representing 
probability for this amount of radiation

‣‣ could use Sudakov factor directly
‣ or a new “M.E.-P.S.” method, that 

incorporates shower and matching
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Calibrating the Matrix Element
D0 matrix-element analysis 
found that the “fitted mtop” (in 
matrix element) needed to be 
‘calibrated’ to “true mtop” used 
in simulation

‣ more indication that what 
was measured was the 
input parameter in the MC
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FIG. 7: Calibration of the Matrix Element mass fitting pro-
cedure for the topological analysis. The upper plots show the
reconstructed top mass (a) and the measured jet energy scale
(b) as a function of the input top mass. The two lower plots
show the reconstructed top mass (c) and the measured jet
energy scale (d) as a function of the input jet energy scale.
The solid lines show the results of linear fits to the points,
which are used to calibrate the measurement technique. The
dashed lines would be obtained for equal fitted and true values
of mtop and JES.
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FIG. 8: Calibration of the Matrix Element mass fitting pro-
cedure for the topological analysis. The upper plots show the
widths of the pull distributions for the top mass (a) and jet
energy scale (b) as a function of the input top mass. The two
lower plots show the widths of the pull distributions for the
top mass (c) and jet energy scale (d) as a function of the input
jet energy scale. The solid lines show the mean pull width,
while the dashed lines indicate a pull width of 1.0.

is consistent with the reference scale.
For a fixed jet energy scale, the statistical uncertainty

of the fit is +2.9
−3.2 GeV; thus the component from the jet

energy scale uncertainty is +4.1
−6.7 GeV. Systematic uncer-

tainties are discussed in Section VII.
To show the likelihood as a function of both mtop and

JES simultaneously, the − lnL values have been fitted
with a two-dimensional fourth-degree polynomial with its
minimum fixed to the measurements mentioned above.
The resulting contours corresponding to ∆ lnL = 0.5,
2.0, 4.5, and 8.0 relative to the minimum are shown in
Fig. 11. Note that the statistical measurement uncer-
tainties quoted on mtop and JES are obtained from the
one-dimensional projections as discussed above; Fig. 11
therefore serves only illustrative purposes. Because of
non-Gaussian tails, the projections of the ∆ lnL = 0.5
contour shown in Fig. 11 onto the mtop and JES axes
do not exactly correspond to these quoted statistical un-
certainties.

VI. TOP QUARK MASS MEASUREMENT
USING B JET IDENTIFICATION

A. Top Quark Mass Fit

The incorporation of b-tagging information introduces
two significant modifications to the Matrix Element mass
fitting technique. First, b-tagging information is used
to determine the relative weights wi of the different jet-
parton assignments in the signal probability calculation.
The wi are parameterized as a function of the jet trans-
verse energy ET and pseudorapidity η and the assumed
flavor αk of the parton corresponding to the jet, as de-
scribed in Section IVB 2. The signal probability is then
computed according to Equation (11). The background
probability is identical to that used in the topological
analysis according to Equation (12).

The second modification is to classify events into three
categories according to the number of b-tagged jets. Each
of these categories will have different signal fractions and
background compositions due to the relative suppression
of W+jets events with dominantly light quark and gluon
jets. The event categories are exclusive and correspond
to i) no b-tagged jet, ii) exactly one tagged jet, and iii)
two or more tagged jets.

When the analysis is separately performed in each ntag

category, the signal fractions f
ntag

top are determined inde-
pendently for each category, and P

ntag

evt is calculated as

P
ntag

evt (x; mtop, JES, ftop) = f
ntag

top P
ntag

sig (x; mtop, JES)

+(1−f
ntag

top ) Pbkg (x; JES) . (29)

To combine the three categories into one analysis the
three purities f

ntag

top have to be related to one inclusive
signal purity ftop. The purity of the ntag sample is given

10

in the detector is then given by

Psig(x; mtop, JES) (11)

=
dσ(pp̄ → tt̄ → x; mtop, JES)

σobs(pp̄ → tt̄; mtop, JES)

=
1

σobs(pp̄ → tt̄; mtop, JES)

×
∫

q1,q2,y

∑

q1, q2

flavors

dq1dq2f(q1)f(q2)

(2π)4 |M (qq̄ → tt̄ → y)|2

q1q2s
dΦ6

W (x, y; JES) .

The parametrization of the matrix element and the com-
putation of Psig are described in Section IVC.

Similarly, the differential background probability is
computed as

Pbkg(x; JES) (12)

=
1

σobs(pp̄→W +jets;JES)

×
∫

q1,q2,y

∑

q1, q2

flavors

dq1dq2 f(q1) f(q2)

(2π)4 |M (qq̄ → W +jets → y)|2

q1q2s
dΦ6

W (x, y; JES) ,

where the matrix element and the total observed cross
section for the process pp̄ → W + jets have been used
accordingly. Since the matrix element for W+jets pro-
duction does not depend on mtop, Pbkg is independent of
mtop; however, Pbkg in principle does depend on the jet
energy scale through the transfer function. Details about
the Pbkg calculation can be found in Section IVD.

To extract the top quark mass from a set of N mea-
sured events x1, .., xN , a likelihood function is built from
the individual event probabilities calculated according to
Equation (5) as

L(x1, .., xN ; mtop, JES, ftop) (13)

=
N
∏

i=1

Pevt(xi; mtop, JES, ftop) .

For every assumed pair of values (mtop, JES), the value
fbest
top that maximizes the likelihood is determined. The

top quark mass and jet energy scale are then obtained by
maximizing the likelihood

L
(

x1, .., xN ; mtop, JES, fbest
top (mtop, JES)

)

(14)

=
N
∏

i=1

Pevt

(

xi; mtop, JES, fbest
top (mtop, JES)

)

with respect to mtop and JES, taking the correlation
between both parameters into account.

B. Description of the Detector Response

The transfer function W (x, y; JES) relates the charac-
teristics y of the final state partons to the measurements
x in the detector. The symbol x denotes measurements
of the jet and charged lepton energies or momenta and
directions as well as b-tagging information for the jets.
A parameterization of the detector resolution is used in
the probability calculation because the full geant-based
simulation would be too slow. The full simulation is how-
ever used to generate the simulated events with which the
method is calibrated.

The transfer function is assumed to factorize into con-
tributions from each measured final state particle. The
angles of all measured tt̄ decay products as well as the
energy of electrons are assumed to be well-measured; in
other words, the transfer functions for these quantities
are given by δ-distributions. This allows reducing the
dimensionality of the integration over 6-particle phase
space as described in Sections IVC and IVD. Conse-
quently, contributions to the integral only arise if the
directions of the quark momenta in the final state agree
with the measured jet directions. In addition to the en-
ergy resolution, one has to take into account the fact
that the jets in the detector cannot be assigned unam-
biguously to a specific parton from the tt̄ decay. Conse-
quently, all 24 permutations of jet-quark assignments are
considered.

In this section, the general form of the transfer func-
tion in the topological and b-tagging analyses is first dis-
cussed, followed by a description of the jet energy and
muon transverse momentum resolutions.

1. Transfer Function in the Topological Analysis

If no b-tagging information is used, the transfer func-
tion W (x, y; JES) is given by

W (x, y; JES) (15)

= Wµ

(

(q/pT )recµ , (q/pT )genµ

)

×
1

24

24
∑

i=1

δ(angles)
4

∏

j=1

Wjet(Ejet j , Equark k; JES) ,

where Wµ and Wjet stand for factors describing the muon
transverse momentum and jet energy resolutions, respec-
tively. The sum is over the 24 different assignments of
jets j to partons k. The factor δ(angles) denotes the δ
distributions that ensure that assumed and reconstructed
particle directions are identical, as discussed above. For
e+jets events, the factor for the muon transverse momen-
tum resolution is replaced with another δ-distribution.
The neutrino is not measured in the detector and does
not enter the transfer function. The jet transfer functions
for light quark and charm jets are taken to be identical,
and in the calculation of the background probability, all
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 Anti-kT
In addition to infra-red and collinear safety, experimentalists want jets that 
are ‘easy to understand’ (in the sense of calibration, sensitivity to pileup, etc.)

‣ kT and C/A have been hard b/c of sensitivity of boundary to soft stuff
Anti-kT expands the space of the recombination jet algorithms with p<0

24

J
H
E
P
0
4
(
2
0
0
8
)
0
6
3

Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random
soft “ghosts”, clustered with four different jets algorithms, illustrating the “active” catchment areas
of the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined by
the specific set of ghosts used, and change when the ghosts are modified.

have more varied shapes. Finally with the anti-kt algorithm, the hard jets are all circular

with a radius R, and only the softer jets have more complex shapes. The pair of jets near

φ = 5 and y = 2 provides an interesting example in this respect. The left-hand one is much

softer than the right-hand one. SISCone (and Cam/Aachen) place the boundary between

the jets roughly midway between them. Anti-kt instead generates a circular hard jet, which

clips a lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-kt algorithm translate into concrete results for various

quantitative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet bound-

aries for different algorithms is in the calculation of jet areas.

Two definitions were given for jet areas in [4]: the passive area (a) which measures

a jet’s susceptibility to point-like radiation, and the active area (A) which measures its

susceptibility to diffuse radiation. The simplest place to observe the impact of soft resilience

is in the passive area for a jet consisting of a hard particle p1 and a soft one p2, separated
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J
H
E
P
0
4
(
2
0
0
8
)
0
6
3

well as eliminate some parts of the momentum-resolution loss caused by underlying-event

and pileup contamination.

An example of a jet algorithm with a soft-resilient boundary is the plain “iterative

cone” algorithm as used for example in the CMS collaboration [6] or in Pythia’s [7] CellJet.

It takes the hardest object (particle, calorimeter tower) in the event, uses it to seed an

iterative process of looking for a stable cone, which is then called a jet. It then removes

all the particles contained in that jet from the event and repeats the procedure with the

hardest available remaining seed, again and again until no seeds remain. Though simple

experimentally, the algorithm has the crucial drawback that if applied at particle level it is

collinear unsafe, since the hardest particle is easily changed by a quasi-collinear splitting,

leading to divergences in higher-order perturbative calculations.1

In this paper it is not our intention to advocate one or other type of algorithm in

the debate concerning soft-resilient versus soft-adaptable algorithms. Rather, we feel that

this debate can be more fruitfully served by proposing a simple, IRC safe, soft-resilient jet

algorithm, one that leads to jets whose shape is not influenced by soft radiation. To do so,

we take a quite non-obvious route, because instead of making use of the concept of a stable

cone, we start by generalising the existing sequential recombination algorithms, kt [1] and

Cambridge/Aachen [2].

As usual, one introduces distances dij between entities (particles, pseudojets) i and

j and diB between entity i and the beam (B). The (inclusive) clustering proceeds by

identifying the smallest of the distances and if it is a dij recombining entities i and j,

while if it is diB calling i a jet and removing it from the list of entities. The distances are

recalculated and the procedure repeated until no entities are left.

The extension relative to the kt and Cambridge/Aachen algorithms lies in our definition

of the distance measures:

dij = min(k2p
ti , k2p

tj )
∆2

ij

R2
, (1.1a)

diB = k2p
ti , (1.1b)

where ∆2
ij = (yi − yj)2 + (φi − φj)2 and kti, yi and φi are respectively the transverse

momentum, rapidity and azimuth of particle i. In addition to the usual radius parameter R,

we have added a parameter p to govern the relative power of the energy versus geometrical

(∆ij) scales.

For p = 1 one recovers the inclusive kt algorithm. It can be shown in general that for

p > 0 the behaviour of the jet algorithm with respect to soft radiation is rather similar to

that observed for the kt algorithm, because what matters is the ordering between particles

and for finite ∆ this is maintained for all positive values of p. The case of p = 0 is special

and it corresponds to the inclusive Cambridge/Aachen algorithm.

1This is discussed in detail in the appendix, where we also introduce the terminology iterative cone with

split-merge steps (IC-SM) and iterative cone with progressive removal (IC-PR), so as to distinguish the two

broad classes of iterative cone algorithms.
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Figure 5: Top mass reconstruction in Pythia-simulated LHC tt̄ events. Both the t and the t̄
decay hadronically, t → bW+ → bqq̄ and t̄ → b̄W− → b̄qq̄. All jet algorithms have been used with
R = 0.4.

Speed. A relevant issue in order for a jet algorithm to be useful in practice is the com-

puting time required to carry out the clustering. The full class of generalised kt algorithms

is amenable to fast implementation using the techniques of [19], with the proviso that for

p < 0, the specific manner in which particles are clustered triggers a worst-case scenario

for the Voronoi-diagram based dynamic nearest-neighbour graph determination [20]. This

means that asymptotically the algorithm takes a time O
(

N3/2
)

to cluster N particles

(rather than N ln N for the kt algorithm). However for N ! 20000 the FastJet implemen-

tation [21] in any case uses other strategies, which are insensitive to this issue, and the

anti-kt clustering is then as fast as kt clustering.

2.4 Example application: top reconstruction

One may wonder whether the unusual soft-resilience of the anti-kt algorithm leads to poorer

results in phenomenological applications. We have investigated various examples and found

that in general this is not the case. In figure 5 we illustrate this for top mass reconstruction

in LHC tt̄ events, as simulated with Pythia [7], where both the t and the t̄ decay hadron-

ically, according to t → bW+ → bqq̄ and t̄ → b̄W− → b̄qq̄. The following simple analysis

procedure has been used: we select events with at least 6 hard jets (with pt above 10 GeV

and |y| < 5); we assume that both b-jets have been tagged; the 4 hardest remaining jets are

paired according to the combination that better reproduces the W masses; finally, the W -

and b-jets are recombined to minimise the mass-difference between the two t-jets. We use

the same four algorithms shown in figure 1, now with R = 0.4, and find that they all behave

rather similarly, with Cambridge/Aachen and anti-kt performing marginally better than

the other two. We note that the difference between various choices of R can be substan-

tially greater than the differences between the various algorithms at a given R. One should

also bear in mind that top reconstruction, near threshold, with a moderate jet radius and
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Figure 2: The b-jet charge associated with positive (full line) and negative (dashed line) lepton using the
Monte Carlo truth (left) and invariant mass criteria (right) for the !b-pairing.

mode, the background is composed of Drell-Yan pairs (the most significant background), multi-jet QCD1

processes and di-boson production [2].2

The background studies for this analysis require large Monte Carlo samples (in addition to the stan-3

dard cuts the invariant mass criterion is highly restrictive) not available at present. The ideal way to4

determine the basic background parameters, the S:B ratio and background charge asymmetry, is to use5

the W+jets (dominant background) samples. However, after applying the selection criteria to the avail-6

able W+jets samples, only a few events remained (20 lepton b-jet pairs). It is clear that due to poor7

statistics the samples are not suitable for a valuable background analysis. Nonetheless, combining the8

b-jet charge spectra, obtained for the individual W+jets channels (W+n×jets and Wbb̄, Wcc̄ + n ×jets)9

scaled according to their cross sections to 1 fb, we obtained for the S:B ratio a value of ≈ 38 ± 8. To10

fix the S:B ratio we need to include other backgrounds and take a regard for the poor statistics. Taking11

into account only the standard cuts with a looseMW window (±30 GeV) a value of 7:1 was obtained for12

the S:B ratio which is compatible with that of the CDF background studies [2]. As a result, a nominal13

S:B ratio of 30:1 has been assumed, with 7:1 as a very conservative lower limit for studying systematic14

uncertainties related to the background.15

The poor statistics of the available W+jets samples does not enable the background b-jet charge16

asymmetry to be determined precisely, the obtained value being≈−0.02±0.05. On the other hand, as it17

was shown by CDF [2], no marked background asymmetry is expected. For this reason, as a background,18

we use the signal events but without the pairing of leptons and b-jets. As a consequence the obtained19

b-jet charge spectrum is not correlated with the high pT lepton charge and should not have any charge20

asymmetry. Assuming the nominal S:B ratio, the spectrum is normalized to 1/30 of the signal statistics.21

The analysis showed that this background exhibits practically no asymmetry. For the systematics studies,22

a background corresponding to S:B=7:1 was also considered.23

To find a realistic b-jet charge distribution, the signal and background distributions are combined. In24

Figure 3 (left) the expected b-jet charge (Qcomb) distribution combining the signal with the background25

(full line) and the background itself (dashed line) are shown. From the reconstructed b-jet charge spectra26

using the two treated backgrounds, the expected mean b-jet charge (assuming the Standard Model) is:27

Qcomb =−0.094±0.0042 (stat).28

The Qcomb value is obtained as the mean value of the signal plus background (S+B) distribution29

combining signal with the background.30

We can conclude that ≈ 6000 !b combinations could be selected for the top quark b-jet charge31

analysis, using the 1 fb−1 sample. The expected combined b-jet charge purity, N(Qbjet < 0)/Nall, is32

≈ 0.62±0.01 for the Standard Model case.33
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Figure 1: Lepton - b-jet invariant mass spectra for the lepton and b-jet pairs from the same top quark (full
line) and from different top quarks (dashed line).

quark mass. This extra mass cut was applied by default in the whole top quark charge analysis using the1

weighting approach.2

3.3 The jet track charge weighting approach3

The determination of the average b-jet charge was done using a weighting technique in which the b-jet
charge is evaluated as the weighted sum of the b-jet track charges:

Qbjet =
!i qi|!ji ·!pi|!

!i |!ji ·!pi|!
(3)

where qi(pi) is the charge (momentum) of the ith track inside the jet and !j is the b-jet axis unit vector.4

The ! parameter was optimised for the best separation between b- and b̄-jets and the optimum value5

was found to be ! = 0.5. In addition, for the charge weighting technique, it was further required, using6

only tracks with pT > 1.5 GeV, that at least two tracks must be found within a cone with "R< 0.4 with7

respect to the jet axis. For b-jets with more than seven such tracks, only the seven with the highest pT8

are used. The parameters of the weighting procedure are the result of a maximisation of the difference9

between the mean values of the b- and b̄-jet charge distributions - these mean values were found for a10

set of the parameters values (! and track pT) and compared. For the procedure optimisation the signal11

tt̄-sample was used.12

3.4 Semileptonic b-decay approach13

In this approach the pairing procedure described in Section 3.2 is also used. But in this case the b quark14

charge is determined through its semileptonic decay. The sign of the b-jet charge is determined by the15

lepton charge within the b-jet,16

b→ c,u+ "− + "̄ , b̄→ c̄, ū+ "+ +".17

The lepton from the b-decay will be identified as a non-isolated lepton inside the corresponding b-18

jet, and its charge (QnonIs) defines the b quark charge. The non-isolated lepton is searched for among19

the tracks pointing to the treated b-jet and originating in the corresponding secondary vertex. Several20

processes can lead to an incorrect b quark charge assignment with this approach. Semileptonic decays21

of D mesons produced in the B decay chain, and the B0-B̄0 mixing are examples of such processes. To22
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Figure 1: Lepton - b-jet invariant mass spectra for the lepton and b-jet pairs from the same top quark (full
line) and from different top quarks (dashed line).

quark mass. This extra mass cut was applied by default in the whole top quark charge analysis using the1

weighting approach.2

3.3 The jet track charge weighting approach3

The determination of the average b-jet charge was done using a weighting technique in which the b-jet
charge is evaluated as the weighted sum of the b-jet track charges:

Qbjet =
!i qi|!ji ·!pi|!

!i |!ji ·!pi|!
(3)

where qi(pi) is the charge (momentum) of the ith track inside the jet and !j is the b-jet axis unit vector.4

The ! parameter was optimised for the best separation between b- and b̄-jets and the optimum value5

was found to be ! = 0.5. In addition, for the charge weighting technique, it was further required, using6

only tracks with pT > 1.5 GeV, that at least two tracks must be found within a cone with "R< 0.4 with7

respect to the jet axis. For b-jets with more than seven such tracks, only the seven with the highest pT8

are used. The parameters of the weighting procedure are the result of a maximisation of the difference9

between the mean values of the b- and b̄-jet charge distributions - these mean values were found for a10

set of the parameters values (! and track pT) and compared. For the procedure optimisation the signal11

tt̄-sample was used.12

3.4 Semileptonic b-decay approach13

In this approach the pairing procedure described in Section 3.2 is also used. But in this case the b quark14

charge is determined through its semileptonic decay. The sign of the b-jet charge is determined by the15

lepton charge within the b-jet,16

b→ c,u+ "− + "̄ , b̄→ c̄, ū+ "+ +".17

The lepton from the b-decay will be identified as a non-isolated lepton inside the corresponding b-18

jet, and its charge (QnonIs) defines the b quark charge. The non-isolated lepton is searched for among19

the tracks pointing to the treated b-jet and originating in the corresponding secondary vertex. Several20

processes can lead to an incorrect b quark charge assignment with this approach. Semileptonic decays21

of D mesons produced in the B decay chain, and the B0-B̄0 mixing are examples of such processes. To22
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• The charge weighting technique: this approach is based on finding a correlation between the b1

quark charge and the charges of the tracks belonging to the b-jet [59,60].2

• The semileptonic b-decay approach: in this case the b quark charge is determined using the3

semileptonic b-decays (b→ c,u+W−,W−→ !− + !̄!), where the sign of the soft lepton indicates4

the sign of the b quark charge.5

Twomajor issues have to be addressed. The first one is to find the selection criteria to perform the correct6

pairing of the lepton and the b-jet originated in the same top quark decay. In the Standard Model a b-7

jet, coming from a b quark, should be associated with a positive lepton (!+), while in the exotic case it8

should be associated with a negative one (!−). The second issue is the assignment of a charge to the b-jet9

selected by the pairing criterion. While the former issue is common for both the approaches, the latter10

one is tackled in different ways.11

3.1 Event generation and selection12

The standard tt̄−→W+bW−b̄ samples were used as signal events in both the semileptonic and the dilep-13

tonic channels (only electrons and muons are taken as signal). For the background studies, theW+jets14

sample was used. In addition we analysed the tt̄ all jets channels as well as the semileptonic and dilep-15

tonic channels of " leptons as they can contribute to background (all jets channel) and to signal (events16

with the leptonic decays of " leptons). In the present analysis the common selection criteria were used,17

as defined in Section 2. In addition, for each approach, specific criteria were applied to the events.18

3.2 The lepton and b-jet pairing algorithm19

The lepton and b-jet pairing was done using the invariant mass distribution of the lepton and the b-tagged
jet, m(l,bjet). If the assignment is correct, m(l,bjet) is limited by the top quark mass, otherwise there is
no such restriction, as can been seen in Figure 1, where the signal sample with the standard cuts applied
was analysed. To find the connection between the b-quarks and reconstructed b-jets and the parton level
leptons and reconstructed leptons, the MC truth was used: the matching was treated as successful if the
cone difference, !R between b-quark and b-jet was less than 0.4 (in the lepton case !R < 0.2). For
double b-tagged events, only the b-jets that satisfy

m(l,b(1,2)
jet ) < mcr and m(l,b(2,1)

jet ) > mcr (2)

were accepted. In the di-lepton case both leptons should fulfill the condition (2). The optimal value20

for the pairing mass cut, mcr = 155 GeV, is a trade-off between the efficiency (#) and purity (P) of the21

pairing method. The factor #(2P− 1)2 was maximised to find the optimum working point. As this22

criterion requires events with two b-tagged jets and one combination for the lepton and b-jet invariant23

mass must be below mcr and the other one above mcr, the efficiency of the method is small. On the other24

hand, this criterion gives a high purity sample as is shown in Section 3.5.1. In the analysis two variants25

of b-tagged events treatment were considered. In the first one exactly two b-jets were required while in26

the second one two and more b-jets were allowed (the two with the highest pT treated as true b-jets).27

Slightly better results were obtained for the former variant and the results presented here correspond to28

this case. To suppress the background some additional cuts were tried: W boson mass (MW ) window,29

top quark mass (mtop) window, etc. By using the combined W boson and top quark mass window the30

background can be reduced by factor more than 10 at the expense of a factor 2 loss in signal. The MW31

window requires that at least one pair of non b-tagged jets should have an invariant mass within 10 GeV32

of the W boson mass. The mtop window requires that the reconstructed W boson can be combined with33

a b-jet (not previously paired with a high-pT lepton) to give an invariant mass within 40 GeV of the top34
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Figure 3: Left: the full S+B b-jet charge (Qcomb) distribution (full line) and the background itself (dashed
line); right: the reconstructed top quark charge (Qcombt ) (full line) and its background (dashed line).

Taking into account the statistical uncertainty of the obtained mean mean b-jet charge (Qcomb) it1

can be stated that the obtained value will differ from 0 by more than 20! . Using a simple statistical2

treatment it is easy to show that for a reliable determination of Qcomb (≥ 5! ) a sample of ≈ 0.1 fb−13

should be sufficient. In addition to that the analysis has revealed that the reconstructed b-jet charge is4

more influenced by the size of the S:B ratio than by the background asymmetry: going from the pure5

signal b-jet charge spectrum to that of the 7:1 mixture of signal and background, the mean b-jet charge6

decreased by 14%, while a replacement of the symmetric background by the asymmetric one with an7

asymmetry 1/4 of the signal one, leads to only 3% change of the charge at the 7:1 S:B ratio.8

The direct reconstruction of the top quark charge can be done relying on the obtained value of Qcomb9

(see above). Using the Standard Model value of the b quark charge (Qb =−1/3) and the mean re-10

constructed value of the b-jet charge (Qcomb), the b-jet charge calibration coefficient Cb = Qb/Qcomb is11

3.54±0.16 and the top quark charge then reads:12

Qt = Q(!+)+Q
(+)
b jet ×Cb , Qt̄ = Q(!−)+Q

(−)
b jet×Cb (4)

where Q(!±) =±1 is the lepton charge and Q(±)
bjet is as above.13

The reconstructed top quark charge is shown in Figure 3 (right) for the sample of 1 fb−1. The14

absolute value of top quark charge obtained by combining Qt and Qt̄ for the above mentioned sample15

is Qcombt = 0.67±0.06 (stat)±0.08 (syst). The statistical error assumes that the relative error of Cb is16

the same as that of Qcomb. The systematic error of Qcombt can be studied comprehensively only by using17

experimental data2 In this case the main source of the systematic error is the weighting procedure that18

influences the coefficient Cb, that should be determined independently on the investigated b-jet charge,19

as well as the mean b-jet charge. In our case only the systematics stemming from determination of the20

mean b-jet charge was taken into account.21

3.5.2 Semileptonic b-decay approach results22

The charge of the non-isolated lepton found within the b-jet provides discrimination between the Stan-
dard model and the exotic hypotheses on a statistical basis. Figure 4 shows the number of b-jets, which
have been paired with positive (left) and negative (right) high pT lepton and which contain inside a non-
isolated lepton, as a function of the charge (QnonIs) of the contained non-isolated lepton. The mean values
2We need to compare the reconstructed b-jet charge or coefficient Cb for an experimental sample, e.g. dijet bb̄ data, with

the corresponding Monte Carlo one to look for a possible difference in the b-jet track topology between Monte Carlo and real
data.
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Figure 3: Left: the full S+B b-jet charge (Qcomb) distribution (full line) and the background itself (dashed
line); right: the reconstructed top quark charge (Qcombt ) (full line) and its background (dashed line).

Taking into account the statistical uncertainty of the obtained mean mean b-jet charge (Qcomb) it1

can be stated that the obtained value will differ from 0 by more than 20! . Using a simple statistical2

treatment it is easy to show that for a reliable determination of Qcomb (≥ 5! ) a sample of ≈ 0.1 fb−13

should be sufficient. In addition to that the analysis has revealed that the reconstructed b-jet charge is4

more influenced by the size of the S:B ratio than by the background asymmetry: going from the pure5

signal b-jet charge spectrum to that of the 7:1 mixture of signal and background, the mean b-jet charge6

decreased by 14%, while a replacement of the symmetric background by the asymmetric one with an7

asymmetry 1/4 of the signal one, leads to only 3% change of the charge at the 7:1 S:B ratio.8

The direct reconstruction of the top quark charge can be done relying on the obtained value of Qcomb9

(see above). Using the Standard Model value of the b quark charge (Qb =−1/3) and the mean re-10

constructed value of the b-jet charge (Qcomb), the b-jet charge calibration coefficient Cb = Qb/Qcomb is11

3.54±0.16 and the top quark charge then reads:12

Qt = Q(!+)+Q
(+)
b jet ×Cb , Qt̄ = Q(!−)+Q

(−)
b jet×Cb (4)

where Q(!±) =±1 is the lepton charge and Q(±)
bjet is as above.13

The reconstructed top quark charge is shown in Figure 3 (right) for the sample of 1 fb−1. The14

absolute value of top quark charge obtained by combining Qt and Qt̄ for the above mentioned sample15

is Qcombt = 0.67±0.06 (stat)±0.08 (syst). The statistical error assumes that the relative error of Cb is16

the same as that of Qcomb. The systematic error of Qcombt can be studied comprehensively only by using17

experimental data2 In this case the main source of the systematic error is the weighting procedure that18

influences the coefficient Cb, that should be determined independently on the investigated b-jet charge,19

as well as the mean b-jet charge. In our case only the systematics stemming from determination of the20

mean b-jet charge was taken into account.21

3.5.2 Semileptonic b-decay approach results22

The charge of the non-isolated lepton found within the b-jet provides discrimination between the Stan-
dard model and the exotic hypotheses on a statistical basis. Figure 4 shows the number of b-jets, which
have been paired with positive (left) and negative (right) high pT lepton and which contain inside a non-
isolated lepton, as a function of the charge (QnonIs) of the contained non-isolated lepton. The mean values
2We need to compare the reconstructed b-jet charge or coefficient Cb for an experimental sample, e.g. dijet bb̄ data, with

the corresponding Monte Carlo one to look for a possible difference in the b-jet track topology between Monte Carlo and real
data.
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Figure 2: The b-jet charge associated with positive (full line) and negative (dashed line) lepton using the
Monte Carlo truth (left) and invariant mass criteria (right) for the !b-pairing.

mode, the background is composed of Drell-Yan pairs (the most significant background), multi-jet QCD1

processes and di-boson production [2].2

The background studies for this analysis require large Monte Carlo samples (in addition to the stan-3

dard cuts the invariant mass criterion is highly restrictive) not available at present. The ideal way to4

determine the basic background parameters, the S:B ratio and background charge asymmetry, is to use5

the W+jets (dominant background) samples. However, after applying the selection criteria to the avail-6

able W+jets samples, only a few events remained (20 lepton b-jet pairs). It is clear that due to poor7

statistics the samples are not suitable for a valuable background analysis. Nonetheless, combining the8

b-jet charge spectra, obtained for the individual W+jets channels (W+n×jets and Wbb̄, Wcc̄ + n ×jets)9

scaled according to their cross sections to 1 fb, we obtained for the S:B ratio a value of ≈ 38 ± 8. To10

fix the S:B ratio we need to include other backgrounds and take a regard for the poor statistics. Taking11

into account only the standard cuts with a looseMW window (±30 GeV) a value of 7:1 was obtained for12

the S:B ratio which is compatible with that of the CDF background studies [2]. As a result, a nominal13

S:B ratio of 30:1 has been assumed, with 7:1 as a very conservative lower limit for studying systematic14

uncertainties related to the background.15

The poor statistics of the available W+jets samples does not enable the background b-jet charge16

asymmetry to be determined precisely, the obtained value being≈−0.02±0.05. On the other hand, as it17

was shown by CDF [2], no marked background asymmetry is expected. For this reason, as a background,18

we use the signal events but without the pairing of leptons and b-jets. As a consequence the obtained19

b-jet charge spectrum is not correlated with the high pT lepton charge and should not have any charge20

asymmetry. Assuming the nominal S:B ratio, the spectrum is normalized to 1/30 of the signal statistics.21

The analysis showed that this background exhibits practically no asymmetry. For the systematics studies,22

a background corresponding to S:B=7:1 was also considered.23

To find a realistic b-jet charge distribution, the signal and background distributions are combined. In24

Figure 3 (left) the expected b-jet charge (Qcomb) distribution combining the signal with the background25

(full line) and the background itself (dashed line) are shown. From the reconstructed b-jet charge spectra26

using the two treated backgrounds, the expected mean b-jet charge (assuming the Standard Model) is:27

Qcomb =−0.094±0.0042 (stat).28

The Qcomb value is obtained as the mean value of the signal plus background (S+B) distribution29

combining signal with the background.30

We can conclude that ≈ 6000 !b combinations could be selected for the top quark b-jet charge31

analysis, using the 1 fb−1 sample. The expected combined b-jet charge purity, N(Qbjet < 0)/Nall, is32

≈ 0.62±0.01 for the Standard Model case.33
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Figure 1: Lepton - b-jet invariant mass spectra for the lepton and b-jet pairs from the same top quark (full
line) and from different top quarks (dashed line).

quark mass. This extra mass cut was applied by default in the whole top quark charge analysis using the1

weighting approach.2

3.3 The jet track charge weighting approach3

The determination of the average b-jet charge was done using a weighting technique in which the b-jet
charge is evaluated as the weighted sum of the b-jet track charges:

Qbjet =
!i qi|!ji ·!pi|!

!i |!ji ·!pi|!
(3)

where qi(pi) is the charge (momentum) of the ith track inside the jet and !j is the b-jet axis unit vector.4

The ! parameter was optimised for the best separation between b- and b̄-jets and the optimum value5

was found to be ! = 0.5. In addition, for the charge weighting technique, it was further required, using6

only tracks with pT > 1.5 GeV, that at least two tracks must be found within a cone with "R< 0.4 with7

respect to the jet axis. For b-jets with more than seven such tracks, only the seven with the highest pT8

are used. The parameters of the weighting procedure are the result of a maximisation of the difference9

between the mean values of the b- and b̄-jet charge distributions - these mean values were found for a10

set of the parameters values (! and track pT) and compared. For the procedure optimisation the signal11

tt̄-sample was used.12

3.4 Semileptonic b-decay approach13

In this approach the pairing procedure described in Section 3.2 is also used. But in this case the b quark14

charge is determined through its semileptonic decay. The sign of the b-jet charge is determined by the15

lepton charge within the b-jet,16

b→ c,u+ "− + "̄ , b̄→ c̄, ū+ "+ +".17

The lepton from the b-decay will be identified as a non-isolated lepton inside the corresponding b-18

jet, and its charge (QnonIs) defines the b quark charge. The non-isolated lepton is searched for among19

the tracks pointing to the treated b-jet and originating in the corresponding secondary vertex. Several20

processes can lead to an incorrect b quark charge assignment with this approach. Semileptonic decays21

of D mesons produced in the B decay chain, and the B0-B̄0 mixing are examples of such processes. To22
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Figure 1: Lepton - b-jet invariant mass spectra for the lepton and b-jet pairs from the same top quark (full
line) and from different top quarks (dashed line).

quark mass. This extra mass cut was applied by default in the whole top quark charge analysis using the1

weighting approach.2

3.3 The jet track charge weighting approach3

The determination of the average b-jet charge was done using a weighting technique in which the b-jet
charge is evaluated as the weighted sum of the b-jet track charges:

Qbjet =
!i qi|!ji ·!pi|!

!i |!ji ·!pi|!
(3)

where qi(pi) is the charge (momentum) of the ith track inside the jet and !j is the b-jet axis unit vector.4

The ! parameter was optimised for the best separation between b- and b̄-jets and the optimum value5

was found to be ! = 0.5. In addition, for the charge weighting technique, it was further required, using6

only tracks with pT > 1.5 GeV, that at least two tracks must be found within a cone with "R< 0.4 with7

respect to the jet axis. For b-jets with more than seven such tracks, only the seven with the highest pT8

are used. The parameters of the weighting procedure are the result of a maximisation of the difference9

between the mean values of the b- and b̄-jet charge distributions - these mean values were found for a10

set of the parameters values (! and track pT) and compared. For the procedure optimisation the signal11

tt̄-sample was used.12

3.4 Semileptonic b-decay approach13

In this approach the pairing procedure described in Section 3.2 is also used. But in this case the b quark14

charge is determined through its semileptonic decay. The sign of the b-jet charge is determined by the15

lepton charge within the b-jet,16

b→ c,u+ "− + "̄ , b̄→ c̄, ū+ "+ +".17

The lepton from the b-decay will be identified as a non-isolated lepton inside the corresponding b-18

jet, and its charge (QnonIs) defines the b quark charge. The non-isolated lepton is searched for among19

the tracks pointing to the treated b-jet and originating in the corresponding secondary vertex. Several20

processes can lead to an incorrect b quark charge assignment with this approach. Semileptonic decays21

of D mesons produced in the B decay chain, and the B0-B̄0 mixing are examples of such processes. To22
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• The charge weighting technique: this approach is based on finding a correlation between the b1

quark charge and the charges of the tracks belonging to the b-jet [59,60].2

• The semileptonic b-decay approach: in this case the b quark charge is determined using the3

semileptonic b-decays (b→ c,u+W−,W−→ !− + !̄!), where the sign of the soft lepton indicates4

the sign of the b quark charge.5

Twomajor issues have to be addressed. The first one is to find the selection criteria to perform the correct6

pairing of the lepton and the b-jet originated in the same top quark decay. In the Standard Model a b-7

jet, coming from a b quark, should be associated with a positive lepton (!+), while in the exotic case it8

should be associated with a negative one (!−). The second issue is the assignment of a charge to the b-jet9

selected by the pairing criterion. While the former issue is common for both the approaches, the latter10

one is tackled in different ways.11

3.1 Event generation and selection12

The standard tt̄−→W+bW−b̄ samples were used as signal events in both the semileptonic and the dilep-13

tonic channels (only electrons and muons are taken as signal). For the background studies, theW+jets14

sample was used. In addition we analysed the tt̄ all jets channels as well as the semileptonic and dilep-15

tonic channels of " leptons as they can contribute to background (all jets channel) and to signal (events16

with the leptonic decays of " leptons). In the present analysis the common selection criteria were used,17

as defined in Section 2. In addition, for each approach, specific criteria were applied to the events.18

3.2 The lepton and b-jet pairing algorithm19

The lepton and b-jet pairing was done using the invariant mass distribution of the lepton and the b-tagged
jet, m(l,bjet). If the assignment is correct, m(l,bjet) is limited by the top quark mass, otherwise there is
no such restriction, as can been seen in Figure 1, where the signal sample with the standard cuts applied
was analysed. To find the connection between the b-quarks and reconstructed b-jets and the parton level
leptons and reconstructed leptons, the MC truth was used: the matching was treated as successful if the
cone difference, !R between b-quark and b-jet was less than 0.4 (in the lepton case !R < 0.2). For
double b-tagged events, only the b-jets that satisfy

m(l,b(1,2)
jet ) < mcr and m(l,b(2,1)

jet ) > mcr (2)

were accepted. In the di-lepton case both leptons should fulfill the condition (2). The optimal value20

for the pairing mass cut, mcr = 155 GeV, is a trade-off between the efficiency (#) and purity (P) of the21

pairing method. The factor #(2P− 1)2 was maximised to find the optimum working point. As this22

criterion requires events with two b-tagged jets and one combination for the lepton and b-jet invariant23

mass must be below mcr and the other one above mcr, the efficiency of the method is small. On the other24

hand, this criterion gives a high purity sample as is shown in Section 3.5.1. In the analysis two variants25

of b-tagged events treatment were considered. In the first one exactly two b-jets were required while in26

the second one two and more b-jets were allowed (the two with the highest pT treated as true b-jets).27

Slightly better results were obtained for the former variant and the results presented here correspond to28

this case. To suppress the background some additional cuts were tried: W boson mass (MW ) window,29

top quark mass (mtop) window, etc. By using the combined W boson and top quark mass window the30

background can be reduced by factor more than 10 at the expense of a factor 2 loss in signal. The MW31

window requires that at least one pair of non b-tagged jets should have an invariant mass within 10 GeV32

of the W boson mass. The mtop window requires that the reconstructed W boson can be combined with33

a b-jet (not previously paired with a high-pT lepton) to give an invariant mass within 40 GeV of the top34
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Figure 3: Left: the full S+B b-jet charge (Qcomb) distribution (full line) and the background itself (dashed
line); right: the reconstructed top quark charge (Qcombt ) (full line) and its background (dashed line).

Taking into account the statistical uncertainty of the obtained mean mean b-jet charge (Qcomb) it1

can be stated that the obtained value will differ from 0 by more than 20! . Using a simple statistical2

treatment it is easy to show that for a reliable determination of Qcomb (≥ 5! ) a sample of ≈ 0.1 fb−13

should be sufficient. In addition to that the analysis has revealed that the reconstructed b-jet charge is4

more influenced by the size of the S:B ratio than by the background asymmetry: going from the pure5

signal b-jet charge spectrum to that of the 7:1 mixture of signal and background, the mean b-jet charge6

decreased by 14%, while a replacement of the symmetric background by the asymmetric one with an7

asymmetry 1/4 of the signal one, leads to only 3% change of the charge at the 7:1 S:B ratio.8

The direct reconstruction of the top quark charge can be done relying on the obtained value of Qcomb9

(see above). Using the Standard Model value of the b quark charge (Qb =−1/3) and the mean re-10

constructed value of the b-jet charge (Qcomb), the b-jet charge calibration coefficient Cb = Qb/Qcomb is11

3.54±0.16 and the top quark charge then reads:12

Qt = Q(!+)+Q
(+)
b jet ×Cb , Qt̄ = Q(!−)+Q

(−)
b jet×Cb (4)

where Q(!±) =±1 is the lepton charge and Q(±)
bjet is as above.13

The reconstructed top quark charge is shown in Figure 3 (right) for the sample of 1 fb−1. The14

absolute value of top quark charge obtained by combining Qt and Qt̄ for the above mentioned sample15

is Qcombt = 0.67±0.06 (stat)±0.08 (syst). The statistical error assumes that the relative error of Cb is16

the same as that of Qcomb. The systematic error of Qcombt can be studied comprehensively only by using17

experimental data2 In this case the main source of the systematic error is the weighting procedure that18

influences the coefficient Cb, that should be determined independently on the investigated b-jet charge,19

as well as the mean b-jet charge. In our case only the systematics stemming from determination of the20

mean b-jet charge was taken into account.21

3.5.2 Semileptonic b-decay approach results22

The charge of the non-isolated lepton found within the b-jet provides discrimination between the Stan-
dard model and the exotic hypotheses on a statistical basis. Figure 4 shows the number of b-jets, which
have been paired with positive (left) and negative (right) high pT lepton and which contain inside a non-
isolated lepton, as a function of the charge (QnonIs) of the contained non-isolated lepton. The mean values
2We need to compare the reconstructed b-jet charge or coefficient Cb for an experimental sample, e.g. dijet bb̄ data, with

the corresponding Monte Carlo one to look for a possible difference in the b-jet track topology between Monte Carlo and real
data.
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Figure 3: Left: the full S+B b-jet charge (Qcomb) distribution (full line) and the background itself (dashed
line); right: the reconstructed top quark charge (Qcombt ) (full line) and its background (dashed line).

Taking into account the statistical uncertainty of the obtained mean mean b-jet charge (Qcomb) it1

can be stated that the obtained value will differ from 0 by more than 20! . Using a simple statistical2

treatment it is easy to show that for a reliable determination of Qcomb (≥ 5! ) a sample of ≈ 0.1 fb−13

should be sufficient. In addition to that the analysis has revealed that the reconstructed b-jet charge is4

more influenced by the size of the S:B ratio than by the background asymmetry: going from the pure5

signal b-jet charge spectrum to that of the 7:1 mixture of signal and background, the mean b-jet charge6

decreased by 14%, while a replacement of the symmetric background by the asymmetric one with an7

asymmetry 1/4 of the signal one, leads to only 3% change of the charge at the 7:1 S:B ratio.8

The direct reconstruction of the top quark charge can be done relying on the obtained value of Qcomb9

(see above). Using the Standard Model value of the b quark charge (Qb =−1/3) and the mean re-10

constructed value of the b-jet charge (Qcomb), the b-jet charge calibration coefficient Cb = Qb/Qcomb is11

3.54±0.16 and the top quark charge then reads:12

Qt = Q(!+)+Q
(+)
b jet ×Cb , Qt̄ = Q(!−)+Q

(−)
b jet×Cb (4)

where Q(!±) =±1 is the lepton charge and Q(±)
bjet is as above.13

The reconstructed top quark charge is shown in Figure 3 (right) for the sample of 1 fb−1. The14

absolute value of top quark charge obtained by combining Qt and Qt̄ for the above mentioned sample15

is Qcombt = 0.67±0.06 (stat)±0.08 (syst). The statistical error assumes that the relative error of Cb is16

the same as that of Qcomb. The systematic error of Qcombt can be studied comprehensively only by using17

experimental data2 In this case the main source of the systematic error is the weighting procedure that18

influences the coefficient Cb, that should be determined independently on the investigated b-jet charge,19

as well as the mean b-jet charge. In our case only the systematics stemming from determination of the20

mean b-jet charge was taken into account.21

3.5.2 Semileptonic b-decay approach results22

The charge of the non-isolated lepton found within the b-jet provides discrimination between the Stan-
dard model and the exotic hypotheses on a statistical basis. Figure 4 shows the number of b-jets, which
have been paired with positive (left) and negative (right) high pT lepton and which contain inside a non-
isolated lepton, as a function of the charge (QnonIs) of the contained non-isolated lepton. The mean values
2We need to compare the reconstructed b-jet charge or coefficient Cb for an experimental sample, e.g. dijet bb̄ data, with

the corresponding Monte Carlo one to look for a possible difference in the b-jet track topology between Monte Carlo and real
data.
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4.1.5 Measurement of tt̄ spin correlation

At parton level, before any phase space cut, the two estimators C = −9× cos!1 cos!2 and D = −3×
cos" are unbiased [20]. Figure 6 shows the reconstructed distributions of −9× cos!1 cos!2/0.51 and
−3× cos"/0.51 after correction. It should be stressed that, in the evaluation of the t̄t spin correlation
parameters, the theoretical value for the spin analyzing power for signal events (0.51) was assumed for

both cases. The means of the distributions are unbiased estimators of A and AD, provided corrections for
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Figure 6: Left: Reconstructed and corrected distribution of −9× cos!1 cos!2/0.51. Right: Recon-
structed and corrected distribution of−3× cos"/0.51. The integrated luminosity of the sample is 220
pb−1 in each case.

physics effects and detector effects are fully carried out.

Due to the fact that the ATLFAST was used to extract the correction function, an additional system-

atic uncertainty of 0.25 was derived for the A spin correlation parameter. This uncertainty reflects the

different parametrizations of the Monte Carlo simulations. Preliminary studies suggest that this shift can

be removed by using high statistics full simulation samples to derive the correction functions and for this

reason this uncertainty was not included in Table 10.

Table 9: W-boson polarization and top quark spin correlation parameters extracted after triggering. The

indicated errors are statistical and systematic, respectively.

W-boson polarization FL F0 FR

0.29 ±0.02 ±0.03 0.70 ±0.04 ±0.02 0.01 ±0.02 ±0.02
tt̄ spin correlation A AD

0.67 ±0.17±0.18 ±0.25 -0.40 ±0.11 ±0.09

4.1.6 Systematic uncertainties

The systematic uncertainties were estimated with ATLFAST simulation for the factorisation scale, struc-

ture function, ISR, FSR, b-fragmentation, top quark mass, hadronization scheme and pile-up effects, and

with full simulation for the b-tagging efficiency, b-jet energy scale, light jet energy scale and signal to

background ratio (S/B scale) as listed in Table 10, for the measurement of the W-boson helicity fractions

and top quark pair spin correlations respectively.

With data, t̄t events can be reconstructed without requiring b-jet tagging on the side of top quark

whose daughter W-boson decays leptonically. This can provide a pure sample of b-jets which can be
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4.1.5 Measurement of tt̄ spin correlation

At parton level, before any phase space cut, the two estimators C = −9× cos!1 cos!2 and D = −3×
cos" are unbiased [20]. Figure 6 shows the reconstructed distributions of −9× cos!1 cos!2/0.51 and
−3× cos"/0.51 after correction. It should be stressed that, in the evaluation of the t̄t spin correlation
parameters, the theoretical value for the spin analyzing power for signal events (0.51) was assumed for

both cases. The means of the distributions are unbiased estimators of A and AD, provided corrections for
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Figure 6: Left: Reconstructed and corrected distribution of −9× cos!1 cos!2/0.51. Right: Recon-
structed and corrected distribution of−3× cos"/0.51. The integrated luminosity of the sample is 220
pb−1 in each case.

physics effects and detector effects are fully carried out.

Due to the fact that the ATLFAST was used to extract the correction function, an additional system-

atic uncertainty of 0.25 was derived for the A spin correlation parameter. This uncertainty reflects the

different parametrizations of the Monte Carlo simulations. Preliminary studies suggest that this shift can

be removed by using high statistics full simulation samples to derive the correction functions and for this

reason this uncertainty was not included in Table 10.

Table 9: W-boson polarization and top quark spin correlation parameters extracted after triggering. The

indicated errors are statistical and systematic, respectively.

W-boson polarization FL F0 FR

0.29 ±0.02 ±0.03 0.70 ±0.04 ±0.02 0.01 ±0.02 ±0.02
tt̄ spin correlation A AD

0.67 ±0.17±0.18 ±0.25 -0.40 ±0.11 ±0.09

4.1.6 Systematic uncertainties

The systematic uncertainties were estimated with ATLFAST simulation for the factorisation scale, struc-

ture function, ISR, FSR, b-fragmentation, top quark mass, hadronization scheme and pile-up effects, and

with full simulation for the b-tagging efficiency, b-jet energy scale, light jet energy scale and signal to

background ratio (S/B scale) as listed in Table 10, for the measurement of the W-boson helicity fractions

and top quark pair spin correlations respectively.

With data, t̄t events can be reconstructed without requiring b-jet tagging on the side of top quark

whose daughter W-boson decays leptonically. This can provide a pure sample of b-jets which can be
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Comment on spin-correlations
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NLO bound state effects
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Hagiwara, Sumino, Yokoya
Kiyo, Kuehn, Moch, 

Steinhauser, Uwer

Kuehn, Mirkes; Petrelli, Cacciari, 

Greco, Maltoni, Mangano

Would allow a conceptually
different top quark mass measurement

! In analogy to Linear Collider treatment, include threshold effects for 
Mtt distribution

! Consider production of tt pair in particular color state

! Two recent studies, including results from 

Possibly significant and
interesting aspect. Esp. LHC

t-tbar Spin Correlations

In the  qq initiated sub-process, the spin of the top and the 
anti-top are correlated because the intermediate particle is 
a vector (gluon).

If the top were massless, this would result in perfect anti-
alignment of the t and anti-t spins.

However, most tops are produced close to threshold, for 
which the helicity basis is not optimal.

In that case, the basis along the beam axis is better because 
it takes advantage of the (massless) q & qbar polarizations.

The correlations are maximized if one chooses to define 
the spin along the axis ! defined by:

This interpolates between the two bases and results in the 
cleanest separation between spin-up and spin-down tops.

G Mahlon S Parke 
PLB411, 173 (1997)Spin Correlations

At LHC, the effect is somewhat washed out by 
the dominance of the gg initial state.

At Tevatron, q qbar dominates and the optimal 
basis results in a 92% spin correlation.

This result is intimately tied to the SM tt 
production mechanism.  If there is physics 
beyond the SM in tt production, one could see it 
as a break-down of the expected  distributions.

(However, because the ! basis itself makes heavy 
use of the SM physics, it is difficult to use to 
identify the new physics).

To make practical use of it, one must further see 
how it is washed out by actual observables such 
as the direction of the charged  lepton 
momentum in a top leptonic decay.
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it takes advantage of the (massless) q & qbar polarizations.

The correlations are maximized if one chooses to define 
the spin along the axis ! defined by:

This interpolates between the two bases and results in the 
cleanest separation between spin-up and spin-down tops.

G Mahlon S Parke 
PLB411, 173 (1997)

Spin Correlations
At LHC, the effect is somewhat washed out by 
the dominance of the gg initial state.

At Tevatron, q qbar dominates and the optimal 
basis results in a 92% spin correlation.

This result is intimately tied to the SM tt 
production mechanism.  If there is physics 
beyond the SM in tt production, one could see it 
as a break-down of the expected  distributions.

(However, because the ! basis itself makes heavy 
use of the SM physics, it is difficult to use to 
identify the new physics).

To make practical use of it, one must further see 
how it is washed out by actual observables such 
as the direction of the charged  lepton 
momentum in a top leptonic decay.

-1 0 1

Spin-down

Spin-up

tbar spin is mostly:

spin-up spin-down

cos θ̄
Angle between the tbar spin 

and e momentum

Tevatron

Figure 1: Top production processes: gluon-gluon scattering diagrams (a)and b)) and quark-
quark scattering diagram c).

Thus, the quarks from W-boson decay can be considered as a clean source of light quarks.
From an experimental point of view, one can characterise the top quark decay by the number of Ws

that decay leptonically. The following signatures can be identified:

• Fully leptonic: represents about 1/9 of the tt̄. Both W-bosons decay into a lepton-neutrino pair, re-
sulting in an event with two charged leptons, two neutrinos and two b-jets. This mode is identified
by requiring two high pT leptons and the presence of missing ET , and allows a clean sample of
top events to be obtained. However, this sample has limited use in probing the top reconstruction
capability of the ATLAS experiment, due to the two neutrinos escaping detection.

• Fully hadronic: represents about 4/9 of all the tt̄ decays. Both Ws decay hadronically, which gives
6 jets in the event: two b-jets from the top decay and four light jets from the W boson decay. In this
case, we do not have a high pT lepton to trigger, and the signal is not easily distinguishable from
the abundant SM QCD multi-jets production, which is expected to be order of magnitudes bigger
than the signal. Another challenging point of this signature is the presence of a high combinatorial
background when reconstructing the top mass.

• Semi-leptonic: Again, about 4/9 of the whole decays. The presence of a single high pT lepton
allows to suppress the SM W+jets and QCD background. The pT of the neutrino can be recon-
structed as it is the only source of missing ET for signal events. This is the most useful channel at
ATLAS.

3 Single Top Production

In the Standard Model single-top production is due to three different mechanisms: (a) W-boson and
gluon fusion mode, which includes the t-channel contribution and is referred to as t-channel or Wg as a
whole (b) associated production of a top quark and a W-boson, denoted Wt and (c) s-channel production
coming from the exchange of a charged boson W∗. The corresponding diagrams are shown in Fig. 2.
We note however that these definitions are valid only at leading order (LO): next to leading order (NLO)
calculations may introduce diagrams which cannot be categorised so unambiguously. The total NLO
cross-section amounts to about 320 pb at the LHC. Among those channels, the dominant contribution
comes from the t-channel processes, which account for about 250 pb; the Wt contribution amounts to
about 60 pb while the s-channel W ∗ mode is expected with a cross-section of about 10 pb [2] [3].

In the following notes, when discussing the analysis strategy in the s- and t-channels, we will use

4

An idea while putting this together, 
different Mtt ranges have big differences 
in octet/singlet ratio.  

‣ I would expect this to imply 
different ratios of gg vs. qQ 
initiated sub-processes.  

‣ indeed sensitive to cut at ~550 GeV
‣ can we enhance the effect with a 

lower cut on Mtt?



Kyle Cranmer (NYU) Joint Theory/Experiment Workshop on Early Physics @ LHC, June 19, 2009

One of the interests in top is it’s important role in 
electroweak symmetry breaking (EWSB).  
‣ There are many new physics scenarios that use this as 
motivation, 

‣ but there is also an important role for top in the Standard 
Model Higgs that deserves some (more) attention

An example abstract for ATLAS/CMS proceedings...
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Summary. — Detecting the presence of a light Higgs boson at the LHC is very
difficult. For this reason, different experimental signatures will have to be combined
to ensure its discovery. Among them we study the associate production with a
pair of top quarks and the subsequent Higgs boson decay into b quark pairs, the
dominant decay mode for mH ! 135 GeV/c2. This channel allows an accurate
estimation of the top quark Yukawa coupling within the Standard Model. We present
several observability studies of the tt̄H(→ bb̄) channel with the ATLAS and the CMS
detectors. In addition, the decay modes H → WW and H → γγ in tt̄H processes
have been investigated and are briefly reported at the end of this paper.

PACS 14.65.Ha – Top quarks.
PACS 14.80.Bn – Standard-model Higgs bosons.

1. – Top-associated Higgs boson production at the LHC

The Large Hadron Collider (LHC), the new proton-proton collider at CERN, is sched-
uled to start operations at a centre-of-mass energy

√
s = 10TeV in 2009. The design

energy of
√

s = 14 TeV will probably not be reached earlier than 2010. In this phase,
the LHC is expected to run at an instantaneous luminosity of 1033 cm−2 s−1, and each of
the two general-purpose experiments, ATLAS and CMS, will accumulate an integrated
luminosity of about 30 fb−1 within 3 years of data-taking.

At the LHC, the Higgs boson will be produced mainly by gluon-gluon fusion through
a top loop, this process is commonly referred to as “direct production”. The second most
important production modes are qq̄H via vector boson fusion, and associated production
modes, e.g., WH, ZH, and tt̄H. Despite having 2 to 3 orders of magnitude lower cross-
sections, the latters present more distinct final state signatures which can lead to a better
suppression of the physics background.

The dominant decay mode for a light Higgs boson, mH ! 135GeV/c2, as favoured by
the electroweak precision data [1], is H → bb̄. The overwhelming background from QCD
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While it is true that you can get at the top-Higgs Yukawa 
through this channel, that is also true for Higgs produced 
via gluon fusion (eg. and decay to photons):

The important aspect of ttH(->bb) is one of the only ways  
you can measure the bottom-Higgs Yukawa coupling
‣ I pick on this because so much effort goes into trying to 
optimize ttH for discovery, but not much into measuring 
this coupling.

Top and Higgs
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Higgs Production

t
The large top mass means a 
strong coupling to the Higgs.  

Thus, several mechanisms of Higgs 
production rely on Top.

One in particular takes advantage 
of the fact that top is colored.  
Loops of top quarks mediate an 
interaction between Higgs and 

gluons.  Despite being loop 
suppressed, this process 

dominates Higgs production 

at the LHC!

Top also contributes to the Higgs 
coupling to two photons.

! � � � � � � � � � � � � � 	 � � �
�

2.5 H → bb̄

Associated Higgs-b quark production has too small a cross section in a SM-like Higgs sector
to be observable, so the decay H → bb̄ is the only experimental access to the b Yukawa
coupling. Because this mode dominates Higgs decays at low mass (mH <∼ 135 GeV within
the SM), an accurate measurement of the bottom Yukawa coupling is extremely important.
Unfortunately, due to the typically large QCD backgrounds for b jets, it is very difficult to
observe this decay. The production modes tt̄H [27,32,33] and WH [14,34] might allow very
rough measurements for such a light Higgs, but the statistical significances are quite low and
the background uncertainties quite large and their rates probably underestimated; they are
definitely high-luminosity measurements.

The tt̄H channel measures the product Y 2
t Γb/Γ, and so would require a separate, precise

measurement of Yt to isolate Γb. For WH production, the rate is proportional to ΓWΓb/Γ.
But here the Wbb̄ continuum background has hitherto been underestimated since the NLO
QCD corrections are very large and positive [35]. A veto on additional jets may help but re-
quires another detector-level simulation; unfortunately, it would also increase the background
uncertainty because additional jet activity has been calculated at LO only. We include the
tt̄H channel but not WH in our analysis.

2.6 Other channels

The production and decay channels discussed above refer to a single Higgs resonance, with
decay signatures which also exist in the SM. The Higgs sector may be much richer, of course.
The MSSM with its two Higgs doublets predicts the existence of three neutral and one
charged pair of Higgs bosons, and the LHC may be able to directly observe several of these
resonances. Within SUSY models, additional decays, e.g., into very light super-partners,
may be kinematically allowed. The additional observation of super-partners or of heavier
Higgs bosons will strongly focus the theoretical framework and restrict the parameter space
of a Higgs couplings analysis [36].

At the present time, even enumerating the possibilities is an open-ended task. For our
present analysis we therefore ignore the information which would be supplied by the obser-
vation of additional new particles. Instead we ask the better-defined question of how well
LHC measurements of the above decay modes of a single Higgs resonance can determine the
various Higgs boson couplings or partial widths.

3 Model assumptions and fits

In spite of the many decay channels discussed above, the LHC is faced with the challenge
that not all Higgs decay modes can be detected (e.g., H → gg is deemed unobservable) or
that some important decay rates, in particular H → bb̄, will suffer from large experimental
uncertainties. In a model-independent analysis, the limited information which will be avail-
able then will lead to strong correlations in the measurement of different Higgs couplings.
These correlations mask the true precision of LHC measurements when the expected errors
of particular observables like individual partial widths or branching ratios are considered.

The parameter correlations can be overcome by imposing theoretical constraints. One
possible approach was suggested in Refs. [4, 5]: fixing the ratio Γb/Γτ to its SM value, the
H → ττ measurements can be used to pin down the poorly measured Higgs coupling to

5

[Duhrssen, et al, Phys.Rev.D70:113009, 2004]
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Top and Higgs
Interestingly, the main backgrounds to ttH are also top
‣ ttH signal provides combinatoric background

‣ ttbb (theoretically challenging)
‣ ttjj with jets mis-tagged, challenging to estimate this 

background both theoretically and experimentally
With low S/B and high uncertainty on B, this channel looks hopeless 
for discovery and maybe even observation
What if analysis were tuned for measurement instead of discovery?
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Fig. 2. – Invariant mass of the reconstructed Higgs boson candidates for the ATLAS study
(generated Higgs mass 120 GeV/c2). On the left, only signal events are considered and the
dotted histogram indicates the correct combinations. On the right, the signal is shown on top of
the background distribution. Both plots are normalised to an integrated luminosity of 30 fb−1.

In the CMS analysis, several strategies have been studied. All yield comparable
efficiencies of ∼ 30%. For the results, a combined event likelihood is used, including
kinematic variables, b-tagging variables, and the top quark and W boson masses.

The Higgs invariant mass distributions for the ATLAS likelihood analysis and the
CMS study are shown in figs. 2 and 3. The intrinsic jet resolution accounts for the
broadness of the central peak, whereas the combinatorial background, i.e. events where
at least one of the b-jets is wrongly assigned to the Higgs boson, significantly reduces the
overall Higgs boson mass resolution. The Higgs purity, i.e. events where both b-jets are
correctly assigned to the Higgs boson with respect to all reconstructed events, is about
30% for both experiments. Figures 2 and 3 show the invariant mass of the Higgs boson
candidates for both signal and background events. Both for the CMS and ATLAS studies,
the signal shape does not offer a clear separation from background. To be able to extract
the tt̄H signal, hence a good knowledge of the background shape and normalisation is
necessary.
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Fig. 3. – Invariant mass of the reconstructed Higgs boson candidates for the CMS study (gen-
erated Higgs mass 115 GeV/c2). On the left, only signal events are considered where the
combinatorial background is shaded grey. On the right, the signal distirbution (white) is shown
on top of the background distribution. The numbers of events are normalised to an integrated
luminosity of 60 fb−1.
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From the ashes
... Or what if you have a clever idea instead

Recent advances in using jet substructure have made WH 
and ZH channels with H->bb look promising
‣ Similar ideas for jet substructure were previously 
proposed for highly boosted top
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on mass resolution and background rejection.

The above results were obtained with HER-
WIG 6.510[17, 18] with Jimmy 4.31 [19] for the under-
yling event, which has been used throughout the sub-
sequent analysis. The signal reconstruction was also
cross-checked using Pythia 6.403[20]. In both cases
the underlying event model was chosen in line with the
tunes currently used by ATLAS and CMS (see for ex-
ample [21] 2). The leading-logarithmic parton shower
approximation used in these programs have been shown
to model jet substructure well in a wide variety of pro-
cesses [23, 24, 25, 26, 27, 28]. For this analysis, sig-
nal samples of WH, ZH were generated, as well as
WW, ZW, ZZ, Z + jet, W + jet, tt̄, single top and dijets
to study backgrounds. All samples correspond to a lu-
minosity ≥ 30 fb−1, except for the lowest p̂min

T dijet sam-
ple, where the cross section makes this impractical. In
this case an assumption was made that the selection ef-
ficiency of a leptonically-decaying boson factorises from
the hadronic Higgs selection. This assumption was tested
and is a good approximation in the signal region of the
mass plot, though correlations are significant at lower
masses.

The leading order (LO) estimates of the cross-section
were checked by comparing to next-to-leading order
(NLO) results. High-pT V H and V bb̄ cross sections were
obtained with MCFM [29, 30] and found to be about 1.5
times the LO values for the two signal and the Z0bb̄ chan-
nels (confirmed with MC@NLO v3.3 for the signal [31]),
while the W±bb̄ channel has a K-factor closer to 2.5 (as
observed also at low-pT in [30]).3 The main other back-
ground, tt̄ production, has a K-factor of about 2 (found
comparing the HERWIG total cross section to [32]). This
suggests that our final LO-based signal/

√
background es-

timates ought not to be too strongly affected by higher
order corrections, though further detailed NLO studies
would be of value.

Let us now turn to the details of the event selection.
The candidate Higgs jet should have a pT greater than
some p̂min

T . The jet R-parameter values commonly used
by the experiments are typically in the range 0.4 - 0.7.
Increasing the R-parameter increases the fraction of con-
tained Higgs decays. Scanning the region 0.6 < R < 1.6
for various values of p̂min

T indicates an optimum value
around R = 1.2 with p̂min

T = 200 GeV.

Three subselections are used for vector bosons: (a) An
e+e− or µ+µ− pair with an invariant mass 80 GeV <
m < 100 GeV and pT > p̂min

T . (b) Missing transverse
momentum > p̂min

T . (c) Missing transverse momentum

2 The non-default parameter setting are: PRSOF=0,
JMRAD(73)=1.8, PTJIM=4.9 GeV, JMUEO=1, with
CTEQ6L [22] PDFs.

3 For the V bb̄ backgrounds these results hold as long as both the
vector boson and bb̄ jet have a high pT ; relaxing the requirement
on pTV leads to enhanced K-factors from electroweak double-
logarithms.
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FIG. 2: Signal and background for a 115 GeV SM Higgs
simulated using HERWIG, C/A MD-F with R = 1.2 and
pT > 200 GeV, for 30 fb−1. The b tag efficiency is assumed
to be 60% and a mistag probability of 2% is used. The qq̄
sample includes dijets and tt̄. The vector boson selections
for (a), (b) and (c) are described in the text, and (d) shows
the sum of all three channels. The errors reflect the statisti-
cal uncertainty on the simulated samples, and correspond to
integrated luminosities > 30 fb−1.

> 30 GeV plus a lepton (e or µ) with pT > 30 GeV,
consistent with a W of nominal mass with pT > p̂min

T . It
may also be possible, by using similar techniques to re-
construct hadronically decaying bosons, to recover signal
from these events. This is a topic left for future study.

To reject backgrounds we require that there be no lep-
tons with |η| < 2.5, pT > 30 GeV apart from those used
to reconstruct the leptonic vector boson, and no b-tagged
jets in the range |η| < 2.5, pT > 50 GeV apart from the
Higgs candidate. For channel (c), where the tt̄ back-
ground is particularly severe, we require that there are
no additional jets with |η| < 3, pT > 30 GeV. The re-
jection might be improved if this cut were replaced by a
specific top veto [5]. However, without applying the sub-
jet mass reconstruction to all jets, the mass resolution
for R = 1.2 is inadequate.

The results for R = 1.2, p̂min
T = 200 GeV are shown

in Fig. 2, for mH = 115 GeV. The Z peak from ZZ and
WZ events is clearly visible in the background, providing
a critical calibration tool. Relaxing the b-tagging selec-
tion would provide greater statistics for this calibration,
and would also make the W peak visible. The major
backgrounds are from W or Z+jets, and (except for the
HZ(Z → l+l−) case), tt̄.

Combining the three sub-channels in Fig. 2d, and sum-
ming signal and background over the two bins in the
range 112-128 GeV, the Higgs is seen with a significance
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Jet substructure as a new Higgs search channel at the LHC

Jonathan M. Butterworth, Adam R. Davison
Department of Physics & Astronomy, University College London.

Mathieu Rubin, Gavin P. Salam
LPTHE; UPMC Univ. Paris 6; Univ. Denis Diderot; CNRS UMR 7589; Paris, France.

It is widely considered that, for Higgs boson searches at the Large Hadron Collider, WH and ZH
production where the Higgs boson decays to bb̄ are poor search channels due to large backgrounds.
We show that at high transverse momenta, employing state-of-the-art jet reconstruction and decom-
position techniques, these processes can be recovered as promising search channels for the standard
model Higgs boson around 120 GeV in mass.

A key aim of the Large Hadron Collider (LHC) at
CERN is to discover the Higgs boson, the particle at the
heart of the standard-model (SM) electroweak symmetry
breaking mechanism. Current electroweak fits, together
with the LEP exclusion limit, favour a light Higgs boson,
i.e. one around 120 GeV in mass [1]. This mass region
is particularly challenging for the LHC experiments, and
any SM Higgs-boson discovery is expected to rely on a
combination of several search channels, including gluon
fusion → H → γγ, vector boson fusion, and associated
production with tt̄ pairs [2, 3].

Two significant channels that have generally been con-
sidered less promising are those of Higgs-boson produc-
tion in association with a vector boson, pp → WH , ZH ,
followed by the dominant light Higgs boson decay, to two
b-tagged jets. If there were a way to recover the WH and
ZH channels it could have a significant impact on Higgs
boson searches at the LHC. Furthermore these two chan-
nels also provide unique information on the couplings of
a light Higgs boson separately to W and Z bosons.

Reconstructing W or Z associated H → bb̄ production
would typically involve identifying a leptonically decay-
ing vector boson, plus two jets tagged as containing b-
mesons. Two major difficulties arise in a normal search
scenario. The first is related to detector acceptance: lep-
tons and b-jets can be effectively tagged only if they are
reasonably central and of sufficiently high transverse mo-
mentum. The relatively low mass of the V H (i.e. WH or
ZH) system means that in practice it can be produced
at rapidities somewhat beyond the acceptance, and it is
also not unusual for one or more of the decay products
to have too small a transverse momentum. The second
issue is the presence of large backgrounds with intrin-
sic scales close to a light Higgs mass. For example, tt̄
events can produce a leptonically decaying W , and in
each top-quark rest frame, the b-quark has an energy of
∼ 65 GeV, a value uncomfortably close to the mH/2 that
comes from a decaying light Higgs boson. If the second
W -boson decays along the beam direction, then such a
tt̄ event can be hard to distinguish from a WH signal
event.

In this letter we investigate V H production in a
boosted regime, in which both bosons have large trans-
verse momenta and are back-to-back. This region cor-

responds to only a small fraction of the total V H cross
section (about 5% for pT > 200 GeV), but it has several
compensating advantages: (i) in terms of acceptance, the
larger mass of the V H system causes it to be central, and
the transversely boosted kinematics of the V and H en-
sures that their decay products will have sufficiently large
transverse momenta to be tagged; (ii) in terms of back-
grounds, it is impossible for example for an event with
on-shell top-quarks to produce a high-pT bb̄ system and
a compensating leptonically decaying W , without there
also being significant additional jet activity; (iii) the HZ
with Z → νν̄ channel becomes visible because of the large
missing transverse energy.

One of the keys to successfully exploiting the boosted
V H channels will lie in the use of jet-finding geared to
identifying the characteristic structure of a fast-moving
Higgs boson that decays to b and b̄ in a common neigh-
bourhood in angle. We will therefore start by describing
the method we adopt for this, which builds on previous
work on heavy Higgs decays to boosted W’s [4], WW
scattering at high energies [5] and the analysis of SUSY
decay chains [6]. We shall then proceed to discuss event
generation, our precise cuts and finally show our results.

When a fast-moving Higgs boson decays, it produces
a single fat jet containing two b quarks. A successful
identification strategy should flexibly adapt to the fact
that the bb̄ angular separation will vary significantly with
the Higgs pT and decay orientation, roughly

Rbb̄ #
1

√

z(1 − z)

mh

pT
, (pT % mh) , (1)

where z, 1 − z are the momentum fractions of the two
quarks. In particular one should capture the b, b̄ and any
gluons they emit, while discarding as much contamina-
tion as possible from the underlying event (UE), in order
to maximise resolution on the jet mass. One should also
correlate the momentum structure with the directions of
the two b-quarks, and provide a way of placing effective
cuts on the z fractions, both of these aspects serving to
eliminate backgrounds.

To flexibly resolve different angular scales we use the
inclusive, longitudinally invariant Cambridge/Aachen
(C/A) algorithm [7, 8]: one calculates the angular dis-
tance ∆R2

ij = (yi − yj)2 + (φi − φj)2 between all pairs of

2

b Rbb
Rfilt

Rbbg

b

R

mass drop filter

FIG. 1: The three stages of our jet analysis: starting from a hard massive jet on angular scale R, one identifies the Higgs
neighbourhood within it by undoing the clustering (effectively shrinking the jet radius) until the jet splits into two subjets
each with a significantly lower mass; within this region one then further reduces the radius to Rfilt and takes the three hardest
subjets, so as to filter away UE contamination while retaining hard perturbative radiation from the Higgs decay products.

objects (particles) i and j, recombines the closest pair,
updates the set of distances and repeats the procedure
until all objects are separated by a ∆Rij > R, where R
is a parameter of the algorithm. It provides a hierarchical
structure for the clustering, like the K⊥algorithm [9, 10],
but in angles rather than in relative transverse momenta
(both are implemented in FastJet 2.3[11]).

Given a hard jet j, obtained with some radius R, we
then use the following new iterative decomposition proce-
dure to search for a generic boosted heavy-particle decay.
It involves two dimensionless parameters, µ and ycut:

1. Break the jet j into two subjets by undoing its last
stage of clustering. Label the two subjets j1, j2 such
that mj1 > mj2 .

2. If there was a significant mass drop (MD), mj1 <
µmj, and the splitting is not too asymmetric, y =
min(p2

tj1
,p2

tj2
)

m2

j

∆R2
j1,j2

> ycut, then deem j to be the

heavy-particle neighbourhood and exit the loop.
Note that y ! min(ptj1 , ptj2)/ max(ptj1 , ptj2).

1

3. Otherwise redefine j to be equal to j1 and go back
to step 1.

The final jet j is to be considered as the candidate Higgs
boson if both j1 and j2 have b tags. One can then identify
Rbb̄ with ∆Rj1j2 . The effective size of jet j will thus be
just sufficient to contain the QCD radiation from the
Higgs decay, which, because of angular ordering [12, 13,
14], will almost entirely be emitted in the two angular
cones of size Rbb̄ around the b quarks.

The two parameters µ and ycut may be chosen inde-
pendently of the Higgs mass and pT . Taking µ ! 1/

√
3

ensures that if, in its rest frame, the Higgs decays to a
Mercedes bb̄g configuration, then it will still trigger the
mass drop condition (we actually take µ = 0.67). The cut
on y ! min(zj1 , zj2)/ max(zj1 , zj2) eliminates the asym-
metric configurations that most commonly generate sig-
nificant jet masses in non-b or single-b jets, due to the

1 Note also that this ycut is related to, but not the same as, that
used to calculate the splitting scale in [5, 6], which takes the jet
pT as the reference scale rather than the jet mass.

Jet definition σS/fb σB/fb S/
√

B · fb

C/A, R = 1.2, MD-F 0.57 0.51 0.80

K⊥, R = 1.0, ycut 0.19 0.74 0.22

SISCone, R = 0.8 0.49 1.33 0.42

TABLE I: Cross section for signal and the Z+jets background
in the leptonic Z channel for 200 < pTZ/GeV < 600 and
110 < mJ/GeV < 125, with perfect b-tagging; shown for
our jet definition, and other standard ones at near optimal R
values.

soft gluon divergence. It can be shown that the maxi-
mum S/

√
B for a Higgs boson compared to mistagged

light jets is to be obtained with ycut ! 0.15. Since we
have mixed tagged and mistagged backgrounds, we use a
slightly smaller value, ycut = 0.09.

In practice the above procedure is not yet optimal
for LHC at the transverse momenta of interest, pT ∼
200 − 300 GeV because, from eq. (1), Rbb̄ ! 2mh/pT is
still quite large and the resulting Higgs mass peak is sub-
ject to significant degradation from the underlying event
(UE), which scales as R4

bb̄
[15]. A second novel element

of our analysis is to filter the Higgs neighbourhood. This
involves resolving it on a finer angular scale, Rfilt < Rbb̄,
and taking the three hardest objects (subjets) that ap-
pear — thus one captures the dominant O (αs) radiation
from the Higgs decay, while eliminating much of the UE
contamination. We find Rfilt = min(0.3, Rbb̄/2) to be
rather effective. We also require the two hardest of the
subjets to have the b tags.

The overall procedure is sketched in Fig. 1. We il-
lustrate its effectiveness by showing in table I (a) the
cross section for identified Higgs decays in HZ produc-
tion, with mh = 115 GeV and a reconstructed mass re-
quired to be in an moderately narrow (but experimen-
tally realistic) mass window, and (b) the cross section
for background Zbb̄ events in the same mass window.
Our results (C/A MD-F) are compared to those for the
K⊥algorithm with the same ycut and the SISCone [16]
algorithm based just on the jet mass. The K⊥algorithm
does well on background rejection, but suffers in mass
resolution, leading to a low signal; SISCone takes in less
UE so gives good resolution on the signal, however, be-
cause it ignores the underlying substructure, fares poorly
on background rejection. C/A MD-F performs well both
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Jet substructure as a new Higgs search channel at the LHC

Jonathan M. Butterworth, Adam R. Davison
Department of Physics & Astronomy, University College London.

Mathieu Rubin, Gavin P. Salam
LPTHE; UPMC Univ. Paris 6; Univ. Denis Diderot; CNRS UMR 7589; Paris, France.

It is widely considered that, for Higgs boson searches at the Large Hadron Collider, WH and ZH
production where the Higgs boson decays to bb̄ are poor search channels due to large backgrounds.
We show that at high transverse momenta, employing state-of-the-art jet reconstruction and decom-
position techniques, these processes can be recovered as promising search channels for the standard
model Higgs boson around 120 GeV in mass.

A key aim of the Large Hadron Collider (LHC) at
CERN is to discover the Higgs boson, the particle at the
heart of the standard-model (SM) electroweak symmetry
breaking mechanism. Current electroweak fits, together
with the LEP exclusion limit, favour a light Higgs boson,
i.e. one around 120 GeV in mass [1]. This mass region
is particularly challenging for the LHC experiments, and
any SM Higgs-boson discovery is expected to rely on a
combination of several search channels, including gluon
fusion → H → γγ, vector boson fusion, and associated
production with tt̄ pairs [2, 3].

Two significant channels that have generally been con-
sidered less promising are those of Higgs-boson produc-
tion in association with a vector boson, pp → WH , ZH ,
followed by the dominant light Higgs boson decay, to two
b-tagged jets. If there were a way to recover the WH and
ZH channels it could have a significant impact on Higgs
boson searches at the LHC. Furthermore these two chan-
nels also provide unique information on the couplings of
a light Higgs boson separately to W and Z bosons.

Reconstructing W or Z associated H → bb̄ production
would typically involve identifying a leptonically decay-
ing vector boson, plus two jets tagged as containing b-
mesons. Two major difficulties arise in a normal search
scenario. The first is related to detector acceptance: lep-
tons and b-jets can be effectively tagged only if they are
reasonably central and of sufficiently high transverse mo-
mentum. The relatively low mass of the V H (i.e. WH or
ZH) system means that in practice it can be produced
at rapidities somewhat beyond the acceptance, and it is
also not unusual for one or more of the decay products
to have too small a transverse momentum. The second
issue is the presence of large backgrounds with intrin-
sic scales close to a light Higgs mass. For example, tt̄
events can produce a leptonically decaying W , and in
each top-quark rest frame, the b-quark has an energy of
∼ 65 GeV, a value uncomfortably close to the mH/2 that
comes from a decaying light Higgs boson. If the second
W -boson decays along the beam direction, then such a
tt̄ event can be hard to distinguish from a WH signal
event.

In this letter we investigate V H production in a
boosted regime, in which both bosons have large trans-
verse momenta and are back-to-back. This region cor-

responds to only a small fraction of the total V H cross
section (about 5% for pT > 200 GeV), but it has several
compensating advantages: (i) in terms of acceptance, the
larger mass of the V H system causes it to be central, and
the transversely boosted kinematics of the V and H en-
sures that their decay products will have sufficiently large
transverse momenta to be tagged; (ii) in terms of back-
grounds, it is impossible for example for an event with
on-shell top-quarks to produce a high-pT bb̄ system and
a compensating leptonically decaying W , without there
also being significant additional jet activity; (iii) the HZ
with Z → νν̄ channel becomes visible because of the large
missing transverse energy.

One of the keys to successfully exploiting the boosted
V H channels will lie in the use of jet-finding geared to
identifying the characteristic structure of a fast-moving
Higgs boson that decays to b and b̄ in a common neigh-
bourhood in angle. We will therefore start by describing
the method we adopt for this, which builds on previous
work on heavy Higgs decays to boosted W’s [4], WW
scattering at high energies [5] and the analysis of SUSY
decay chains [6]. We shall then proceed to discuss event
generation, our precise cuts and finally show our results.

When a fast-moving Higgs boson decays, it produces
a single fat jet containing two b quarks. A successful
identification strategy should flexibly adapt to the fact
that the bb̄ angular separation will vary significantly with
the Higgs pT and decay orientation, roughly

Rbb̄ #
1

√

z(1 − z)

mh

pT
, (pT % mh) , (1)

where z, 1 − z are the momentum fractions of the two
quarks. In particular one should capture the b, b̄ and any
gluons they emit, while discarding as much contamina-
tion as possible from the underlying event (UE), in order
to maximise resolution on the jet mass. One should also
correlate the momentum structure with the directions of
the two b-quarks, and provide a way of placing effective
cuts on the z fractions, both of these aspects serving to
eliminate backgrounds.

To flexibly resolve different angular scales we use the
inclusive, longitudinally invariant Cambridge/Aachen
(C/A) algorithm [7, 8]: one calculates the angular dis-
tance ∆R2

ij = (yi − yj)2 + (φi − φj)2 between all pairs of
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Figure 13: Reconstruction efficiency of Standard
Model tt̄ pairs as a function of the tt̄ mass.
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row tt̄ resonance as a function of the integrated lu-
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small differences arise due to the different production mechanism and spin. Thus, the final result is1

not completely model-independent. The purity (fraction of well reconstructed events among all selected2

events) in each Z′ sample is of the order of 80-85 %.3

6.3 Discovery potential4

6.3.1 Method and results5

The method used to extract the 5! discovery sensitivity consists of counting the number of Standard6

Model tt̄ events in a sliding mass window over the invariant mass spectrum. The 5! sensitivity means7

that an effect is seen over the expected background with a deviation at least 5 times the background8

fluctuation in the mass window. The width of the window is twice the detector resolution for a given9

resonance mass. Then, the lowest cross section times branching ratio ! ×Br(Z ′→ tt̄) is computed for10

the discovery of a resonance at a given mass.11

The produced resonances are expected to have a width smaller than the resolution, leading to a12

gaussian shape for the reconstructed invariant mass. The discovery potential is thus estimated here only13

for narrow tt̄ resonances.14

This method, explained in detail in [76], requires as input the Z′ mass resolution (Figure 15), the15

reconstruction efficiency of both Standard Model tt̄ events and resonance events, and the purity of the16

final samples.17

The resulting sensitivity is shown on Figure 16. For example, a 700 GeV Z ′ resonance produced with18

a ! ×Br(Z′→ tt̄) of 11 pb should be discovered with a 5! significance after 1 fb−1 of data taking. The19

tt̄ mass spectrum associated with such a case is shown in Figure 17.20

6.3.2 Measurement uncertainties21

Uncertainties on the sensitivity arise from:22

• the reconstruction efficiency for the Z′ signal and tt̄ background. The main contribution arises23

from the expected error on the b-tag efficiency, which is set to ±5 %.24

• the background contribution (Standard Model tt̄). The main contribution comes from the tt̄ cross25

section uncertainty +6.2
−4.7 %.26
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Jet Substructure 
A lot of activity by theorists 
and experimentalists in 
boosted tops.  Idea:
‣ jet substructure

34

Jet Structure?

An interesting strategy is to 
look for internal structure 

inside collimated jets, to see 
the evidence for a boosted 

top decay buried inside.

Early results are promising.

Kaplan, Rehermann, Schwartz, Tweedie,  
PRL101, 142001 (2008)

Thaler, Wang, JHEP 0807:092 (2008)
Almeida, Lee, Perez, Sung,  Virzi, arXiv:0810.0934
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FIG. 2: Distribution of helicity angle for top jets, gluon jets,
and light quark jets for pT > 700 GeV. These distributions
are after the subjet requirement, top mass cut, and W mass
cut have been imposed.

To check the efficacy of this method, we calculate the
efficiency for correctly tagging a top jet, εt, and the effi-
ciencies for mistagging light-quark or gluon jets as tops,
εq and εg respectively. These are shown in Figure 3.
There are a few important qualitative observations one
can make about this plot. For very large pT the top-
tagging efficiency goes down. This is because these jets
are so highly boosted that the calorimeter can no longer
distinguish the subjets. As pT goes below 900 GeV, the
top-tagging efficiency also decreases. This is due to some
of the top jets becoming too fat for the initial R = 0.8
clustering. (This somewhat tight choice was made to
suppress the mistag efficiency, which grows faster than
the top-tag efficiency with increasing R.) Examples of
the sequential effects of the individual cuts are shown in
Table I. The clustering R’s and kinematic cuts can be
varied to increase the tagging and mistagging efficiencies,
as desired for a particular S/

√
B goal.

pT (GeV) subjets mt mW θh

500-600 0.56 0.43 0.38 0.32

εt 1000-1100 0.66 0.52 0.44 0.39

1500-1600 0.40 0.33 0.28 0.25

500-600 0.135 0.045 0.027 0.015

εg 1000-1100 0.146 0.054 0.032 0.018

1500-1600 0.083 0.038 0.025 0.015

500-600 0.053 0.018 0.011 0.005

εq 1000-1100 0.063 0.023 0.013 0.006

1500-1600 0.032 0.015 0.010 0.006

TABLE I: Incremental efficiencies for top, gluon, and light
quark jets passing the subjets, invariant mass, and helicity
angle cuts for jets in three different pT windows.

One important concern is whether the Monte Carlo
generates the tt̄ and dijet distributions correctly. Jet
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FIG. 3: The efficiencies for correctly tagging a top jet (εt),
and mistagging a gluon jet (εg) or light quark jet (εq). The
quark and gluon efficiences are of order 1% and have been
scaled in the plot by a factor of 10 for clarity.

substructure in particular is strongly dependent on as-
pects of the parton shower (both initial state and final
state radiation), the underlying event, and the model of
hadronization. To approach these issues, we redid our
analysis using samples generated with various shower pa-
rameters, with the “new” pT -ordered dipole shower in
pythia, and with herwig v.6.510 [14]. We find a 50%
variation in εq and εg and a negligible change in εt. We
also ran pythia with multiple interactions and initial
state radiation turned off, individually and together. Ef-
fects on εq and εg are at the 10% level or less, indicating
that the QCD jet substructure relevant for top-tagging
is mostly controlled by final state parton branchings.

One might also be worried about whether, since we
are looking at multi-(sub)jet backgrounds, it would be
important to include full matrix element calculations.
However, since the events are essentially two jet events,
the substructure is due almost entirely to collinear ra-
diation, which the parton shower should correctly re-
produce [15]. To confirm this, we have also simulated
background events using madgraph v.4.2.4 [16]. Using
events with 2 → 4 matrix elements in a region of phase
space where 1 parton recoils against 3 relatively collinear
partons, we repeated our analysis without showering or
hadronization. The resulting mistag efficiencies were con-
sistent with those from the pythia study to within 10%,
which provides justification for both the parton shower
approximation and the robustness of our algorithm.

One possible way to verify the Monte Carlo predic-
tions for jet substructure would be to use data directly.
Although boosted tops are not produced at the Tevatron,
there are plenty of hard dijet events. These could be used
to test the mistag efficiency, tune the Monte Carlo, and
optimize jet-tagging parameters for the LHC. In addition,
at the LHC, the efficiency of the top-tagging algorithm
can be calibrated by comparing the rate for tt̄ events
where one top decays semi-leptonically with the rate in

Gustaaf Brooijmans Top Reconstruction in ATLAS

Jet Structure
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• Decay hadrons reconstructed as a single jet

• But even if it looks like a single jet, it originates from a 

massive particle decaying to 2/3 hard partons, not one

• If I measured each of the partons in the jet 

perfectly, I would be able to:

• Reconstruct the “originator’s” invariant mass

• Reconstruct the direct daughter partons

• But

• quarks hadronize -> cross-talk

• my detector can’t resolve all individual 

hadrons

Why do we need Jet Algorithms?

Interesting physics takes place in the interaction of highest energetic particles

This part can be well described perturbatively
However: partons produced can not
be observed directly
⇒ soft and collinear showering
⇒ confinement to hadrons
⇒ subsequent hadron decay
Finally only long-lived hadrons
will be observed!
The jet algorithm should relate those
measurements to theoretical analyses

Need a precise definition of the algorithm
(to be used by theory and experiment)
Different algorithms correspond to different
observables and give different results!

Tanju Gleisberg Atlas tutorial, CERN, 02. 06. 2006 – p.2
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Figure 14: Number of topo clusters with E⊥ > 1GeV vs. number of stable truth particles with
E⊥ > 1GeV from a QCD dijet simulation.

5.2 Cluster Calibration

The local hadron calibration of topological clusters is described in detail in Ref. [16]. The calibration
starts by classifying clusters as mainly electromagnetic, hadronic, or unknown depending on cluster
shape variables, moments derived from the positive cell contents of the cluster and the cluster energy.
The classification is based on predictions from GEANT4 [17, 18] simulations for charged and neutral
pions. The expected phase space population in logarithmic bins of the cluster energy, cluster depth in the
calorimeter, and average cell energy density and linear bins in |η | from neutral and charged pions with
a ratio of 1 : 2 is converted to a classification weight, reflecting the a-priori assumption that 2/3 of the
pions should be charged.

Roughly 90% of the energy of charged pions is classified as hadronic by this procedure for all en-
ergies, while for neutral pions 90% of their energy is classified as electromagnetic on average beyond
100GeV and the performance drops with the logarithm of the pion energy to about 50% at 10GeV.
The ideal fraction of 100% is not reached for the charged pions as sometimes the shower is split into
more than one cluster with one of them being predominantly electromagnetic in nature. At low energies
neutral pion clusters occupy the same phase space as charged pion clusters and the a-priori precedence
for charged pions makes the classification as electromagnetic less likely. This leads to the high fraction
of neutral pion energy classified as hadronic at low energies which is still acceptable, since the weights
applied here are close to 1. Clusters classified as hadronic receive cell weights derived from detailed
GEANT4 simulations of charged pions with so-called calibration hits in active and inactive calorimeter
materials, which contain the energy from ionization losses and also from invisible processes, such as
nuclear excitation, and from escaping particles, such as neutrinos. Cells in individual calorimeter sam-
plings are treated in 0.2-wide |η |-bins. The weights are binned logarithmically in cluster energy and cell
energy density. A flat distribution in the logarithm of the particle energy was used to generate the single
pion events.

Out-of-cluster (OOC) corrections are applied to correct for energy deposits inside the calorimeter but
outside calorimeter clusters due to the noise thresholds applied during cluster making. These corrections
depend on |η |, cluster energy and the cluster depth in the calorimeter.

Dead material (DM) corrections are applied to compensate for energy deposits in materials outside
of the calorimeters. For deposits in upstream material like the inner wall of the cryostat the presampler

17
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Don’t forget about the shower in the calorimeter
Not complaining about theorist’s particle-level 
analyses, but

‣ in addition to calorimeter granularity, but 
hadronic shower also has size

‣ and clustering merge several showers into 
one cluster

‣ and towers can split one shower into 
several towers

Optimization should include the pre-
clustering, jets, and leverage EM core of 
showers in addition to jet substructure
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Figure 5: A simulated QCD dijet event with four jets in the final state, as seen at particle level and in the
ATLAS calorimeters when using towers or clusters (extracted from Ref. [16]).

showers anymore and thus cannot reproduce the jet shape very well. Here the towers still reflect some
spatial structure of the incoming particles.

Another important difference between tower and cluster jets is the number of calorimeter cells used
in the jet. While towers include all cells of the ATLAS calorimeters, topological clustering actually
applies noise suppression due to the cell signal significance cuts used. This means that many fewer cells
contribute to jets in case of clusters, and that the noise contribution per jet is also smaller for cluster jets
than for tower jets, see Section 3.3.1 for further discussion.

Jet finding needs physical four-momenta on input. Thus, both towers and clusters are defined as
massless pseudo-particles with a four-momentum (E,!p), reconstructed from the reconstructed energy E
(either electromagnetic or hadronic scale, see above), and the directions η and φ :

E = |!p| =
√

p2
x + p2

y + p2
z

px = p · cosφ
coshη

py = p · sinφ
coshη

pz = p · tanhη .

The directions are fixed to the bin center in the (η ,φ) grid for each tower, while they are reconstructed
from the energy-weighted barycenter for topological clusters.
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subjets in a small region of the calorimeter. These subjets
are separated by angular scales of order !2mt=pT and so
remain distinguishable from one another up to pT’s of
roughly 2 TeV for a calorimeter cell size of 0.1. In QCD,
on the other hand, a typical high-pT jet starts as a single
hard parton, which subsequently cascades into a high
multiplicity of soft and collinear particles. Most of these
particles cannot be resolved by the real calorimeter, as they
tend to fall into a single cell or a set of adjacent cells. In
order to look like a decayed top quark, a hard parton must
at least undergo two branchings at somewhat large angles
and energy sharings, which is relatively rare, as we will
see. The primary task, then, is to isolate events with three
hard, nearby subjets. Subsequently, we may exploit the full
3-body kinematics of top decay to construct additional
discriminating variables.

In order to avoid the pitfalls mentioned above for
fixed-size jet clustering, we first cluster an event using a
large jet radius to capture all of the potential substruc-
ture and then iteratively decluster each jet to search for
subjets. Similar ideas have been employed by Butterworth
et al. to extract substructure in Higgs jets [6] and W jets
[7,8], and part of our algorithm is an adaptation of their
method.

The top tagging algorithm is as follows.
First, particles are clustered into jets of size R. For

this step, we use the Cambridge-Aachen (CA) algorithm
[9,10]. This iterative procedure begins with all four-vectors
in an event, as defined by the energy deposits in the

calorimeter. It then finds the pair which is closest in !R ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
!!2 þ!"2

p
, merges it into a single four-vector, and then

repeats. The procedure ends when no two four-vectors
have !R< R.

Next, each jet in the event (for t"t this would be one of the
hardest two) is declustered, to look for subjets. This is done
by reversing each step in the CA clustering, iteratively
separating each jet into two objects. The softer of the two
objects is thrown out if its pT divided by the full jet pT is
less than a parameter #p, and the declustering continues on
the harder object.

The declustering step is repeated until one of four things
happens: (1) Both objects are harder than #p; (2) both
objects are softer than #p; (3) the two objects are too close,
j!!jþj!"j< #r, where #r is an additional parameter; or
(4) there is only one calorimeter cell left. In case (1), the
two hard objects are considered subjets. In cases (2), (3),
and (4), the original jet is considered irreducible.

If an original jet declusters into two subjets, the previous
step is repeated on those subjets (with #p still defined with
respect to the original jet’s pT) resulting in 2, 3, or 4 subjets
of the original jet. The cases with 3 or 4 subjets are kept,
the 4th representing an additional soft gluon emission,
while the 2 subjet case is rejected.

With these 3 or 4 subjets in hand, additional kinematic
cuts are imposed: The total invariant mass should be near
mt, two subjets should reconstruct mW , and the W helicity

angle should be consistent with a top decay, as described
below.
For our particular implementation, we simulate dijet

events and t"t events in the standard model at the LHC
using PYTHIA V.6.415 [11]. In order to simulate the resolu-
tion of the ATLAS or CMS calorimeters, particles in each
event are combined into square bins of size !! ¼ !" ¼
0:1, which are interpreted as massless four-vector ‘‘parti-
cles’’ and inputted into the clustering routine. For jet
clustering, we employ the CA algorithm as implemented
in FASTJET V.2.3.1 [12]. Because more highly boosted top
quarks will be more collimated, we correlate the jet clus-
tering parameter R, the event’s scalar ET , and the two
clustering parameters #p and #r as follows: For ET >
1000, 1600, and 2600 GeV, we take R ¼ 0:8, 0.6, and
0.4, #p ¼ 0:10, 0.05, and 0.05, and #r ¼ 0:19, 0.19, and
0.19, respectively. Then we demand that the jets be hard by
putting a cut on the jet pT scaled by the event’s scalar ET :

pT > 0:7 ET

2 . Both jets must also satisfy the absolute con-

straints pT > 500 GeV and j!j< 2:5 to be considered for
analysis.
Next, we perform the subjet decomposition, demanding

3 or 4 subjets, as described above. For jets with pT <
1000 GeV, we then ask that the invariant mass of the
sum of the subjet four-vectors be within 30 GeV of the
top mass (145–205 GeV) and that there exist two subjets
which reconstruct the W mass to within 15 GeV (65–
95 GeV). Harder jets will have broader mass distributions,
due to increased radiation from QCD. Thus, if a jet has
pT > 1000 GeV, we shift the upper ranges of top and W
mass cuts to pT=20þ 155 GeV and pT=40þ 70 GeV,
respectively. Finally, we demand that the W helicity angle
satisfy cos$h < 0:7, as we now explain.
The helicity angle is a standard observable in top decays,

used to determine the Lorentz structure of the top-W
coupling [13]. It is defined as the angle, measured in the
rest frame of the reconstructed W, between the recon-
structed top quark’s flight direction and one of theW decay
products. Normally, it is studied in semileptonic top de-
cays, where the charge of the lepton uniquely identifies
these decay products. In hadronic top decays there is an
ambiguity which we resolve by choosing the lower pT

subjet, as measured in the lab frame. (Other choices are
possible and make little difference on the final efficien-
cies.) For top jets, the distribution is basically flat: Since
the W decays on-shell, its decay products are almost iso-
tropically distributed in the W rest frame. In contrast, for
light-quark or gluon jets, the distribution diverges (at the
parton level) as 1=ð1% cos$hÞ. This corresponds to a soft
singularity in the QCD matrix elements for emitting an
additional parton. Example distributions are shown in
Fig. 2. The qualitative features we understand analytically
at the parton level are clearly visible after showering and
hadronization. Other observables sensitive to the soft sin-
gularity are possible [5] and will give similar signal/back-
ground enhancements.

PRL 101, 142001 (2008) P HY S I CA L R EV I EW LE T T E R S
week ending

3 OCTOBER 2008

142001-2



Kyle Cranmer (NYU) Joint Theory/Experiment Workshop on Early Physics @ LHC, June 19, 2009

Gustaaf Brooijmans Top Reconstruction in ATLAS

• kT jet algorithm is much better suited to 

understand jet substructure than cone:

• Cone maximizes energy in an ! x " cone

• kT is a “nearest neighbor” clusterer

• Can use the kT algorithm on jet constituents 

and get the kT distance (y-scale) at which 

one switches from 1 -> 2 (-> 3 etc.) jets

• scale is related to mass of the decaying particle

kT Distance
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Overview: Jet-Algorithms
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Figure 18: Distribution ofYScale34 as a function of jet mass for the background (blue/open) and signal

(red/filled) samples. Events are required to lie above the line.

Cut variables Cut Figure

Jet mass vs jet pT mass( jet) < (5/27)pT ( jet)+ (850/9) 12

YScale 1-2 vs YScale 2-3 YScale12( jet) > (−180/55)Y Scale23( jet)+180 13

YScale 2-3 vs YScale 3-4 YScale23( jet) > (−6/5)YScale34( jet)+60 14

YScale 2-3 vs jet mass YScale23( jet) > (−7/13)mass( jet)+140 15

YScale 3-4 vs jet mass YScale23( jet) < 0.7mass( jet)−105 16

YScale 1-2 vs jet mass YScale12( jet) < (11/16)mass( jet)− (55/8) 17

YScale 3-4 vs jet mass YScale34( jet) > (4/23)mass( jet)− (588/23) 18

Table 2: Two dimensional cuts applied.
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Figure 19: Selection efficiency for jets close to top quarks (solid, black) and jets in the background

samples (blue, dashed) as a function of reconstructed jet transverse momentum.
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Figure 12: Distribution of jet mass as a function of jet transverse momentum for the background

(blue/open) and signal (red/filled) samples. Events are required to lie below the line.
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(red/filled) samples. Events are required to lie above the line.
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One examines the substructure by looking into 
the scales associated with the kT clustering 
steps

‣ seems to work quite well
Idea/comment: the original jet clustering was 
motivated on parton shower evolution.  A weak 
decay of a massive particle is pretty different

‣ could we construct a jet algorithm that only 
clusters under the constraint of a 
hypothesized massive object inside
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Conclusions
Top quark physics at the LHC is very rich and promises to be very 
fruitful 
‣ expectations for the LHC are based on a number of assumptions 

about the conditions of the LHC which are currently unknown
‣ still, if we are able to get ~100 pb-1 at ~10 TeV we should be 

able make a few interesting measurements in the first year
‣ beyond that many new opportunities with ~1 -10 fb-1

Even if we had that data today, there are several issues to be 
addressed for the theoretical community and experimental 
community
‣ finally there are a few areas where theorists and experimentalists 

need to sit and talk...
● not only to understand what was done (eg. top mass)
● but how we can do it differently to improve (eg. top mass)
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